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1.0 INTRODUCTION 


1 . 1 BACKGROUND 


Recent investigations have studied various concepts aimed at reducing the 
noise of supersonic exhausts to environmentally acceptable levels. These 
include the variable cycle engine (VCE ) concept that was demonstrated with a 
coannular nozzle on YJ101 test-bed engine (Reference 1) and a variety of 
mechanically suppressed configurations with (References 2 and 3) and without 
(References 4 and 3) treated ejectors. Typical exhaust configurations that are 
applicable to an advanced supersonic transport (AST) propulsion system are shown 
schematically in Figure 1. A preliminary system design study, conducted with 
a thermal acoustic shield (TAS) on a coannular configuration, has shown greater 
suppression with moderate penalties in weight and performance. A schematic of 
a full-scale design using TAS at takeoff is illustrated in Figure 2 (from Refer- 
ence 6). In this design, the bypass flow is ducted from the outer fan passage 
through strut-duct extensions of the turbine frame onto the center plug nozzle. 
The high-temperature core gas flows through the high-radius-ratio outer nozzle. 
Additional acoustic suppression is obtained by opening the thermal shield noz- 
zle, which provides a hot, low-velocity gas shield around the lower half of 
the nozzle. At other operating conditions the thermal shield nozzle is closed. 

The thermal acoustic shield concept (also referred to as fluid-layer 
shield) has been demonstrated in scale-model experimental studies (References 
4 and 7 through 11). In this concept the reflection/refraction properties of 
a high- temperature , low-velocity stream shielding the primary jet, either par- 
tially or fully, decrease acoustic transmission to the observer (Figure 3). 
High-frequency sound from sources near the nozzle exit is refracted by the 
high-temperature, partial shield (Figure 3a). Under certain conditions this 
results in a total reflection of the sound away from the observer. The degree 
of refraction decreases with distance for sources away from the nozzle exit 
because of weakening of the shield flow, and hence suppression is less effec- 
tive for low-frequency sound from sources downstream of the nozzle exit. In 
addition, refractive bending of the low-frequency sound, unlike total reflec- 
tion of high-frequency sound, can result in the redistribution of acoustic 
energy from one angle to another. In the case of a fully shielded configura- 
tion (Figure 3b), the overall effect of the shield flow is similar to that of 
the partially shielded nozzle except that the high-frequency sound is subjected 
to multiple internal reflections. This property of attenuating high-frequency 
sound indicates that thermal acoustic shields can be used beneficially in con- 
junction with the high-frequency-dominated, mechanically suppressed, coannular 
configurations to reduce jet noise even more (Figure lb). 

Measured acoustic data obtained in a simple thermal shield concept demon- 
stration experiment (Reference 4) are presented in Figure 4. The setup con- 
sisted of an annular, segmented, shield jet concentrically surrounding a small, 
high-speed jet. The data indicate that shielding occurred at large directivity 
angles, and the effectiveness of the shield increased with the thickness. 
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a) Unsuppressed Coannular Nozzle 



b) Outer Stream Suppressed Coannular Nozzle 
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Figure 3. Schematic of Thermal Acoustic Shield Configurations. 
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Figure 4. Acoustic Data Measured with a Shield Around a High-Speed 
Jet. 



Also, it is shown in Reference 4 that the acoustic shielding arrangement 
reduced the sound power radiated by the high-speed jet. In an exploratory 
scale-model study (typical of an engine nozzle setup) conducted to determine 
the benefit of a semiannular shield around a conical nozzle (Reference 9), it 
has been shown that the noise levels associated with a partly-shielded conical 
nozzle are lower than those of the conical nozzle at large directivity angles 
(Figure 5). This is indicated by representative data presented in Figure 5b. 
Additionally, as shown in Figure 5c, the sound pressure level (SPL) benefit 
from the shield was noted to increase with frequency. These data also indicate 
that there is an optimum shield-to-nozz le velocity ratio at which the high- 
frequency attenuation is a maximum. Similar benefits from thermal shields with 
high-radius-ratio, unsuppressed, annular plug nozzles operating at 11 inter- 
mediate" jet velocities were noted in Reference 10. 

This program was initiated to develop a technology base tor the thermal 
acoustic shield concept as a noise-reduction device. This was to be accom- 
plished by using scale-model engine nozzles. The objectives were to: 

• Determine the acoustic benefit of a thermal shield, for both unsup- 
pressed and mechanically suppressed (multichute suppressor) annular 
and coannular plug nozzles, in static and free-jet environments. 

• Evaluate the sensitivity of the acoustic benefit of the thermal 
shield to aerodynamic parameters such as nozzle velocity ratio, ther- 
mal shield velocity ratio, static temperature ratio, and geometric 
parameters such as shield thickness and full versus partial shield. 

• Measure mean and turbulent velocities in selected plumes, using a 
laser velocimeter, to aid in understanding the effect of shield 
flow on the nozzle plume. 

• Estimate the influences of the shield stream on the base pressure, 
and hence the thrust coefficient, of the mechanically suppressed 
configurations by measuring the base static pressures. 

• Modify an existing unified aerodynamic/acoustic prediction technique 
(General Electric’s M*G*B model of Reference 4) to account for the 
asymmetric flow field of the part ial-shielded configurations and 
provide a framework for interpretation of the experimental data. 

The data obtained during the first phase of this investigation with the 
annular unsuppressed and suppressed plug nozzles are presented and discussed 
in detail in Reference 12. A brief summary of the scope and the significant 
results obtained during tne single-flow study are reviewed below. The scope 
of the investigation with the unsuppressed and suppressed coannular plug con- 
figuration is described in Subsection 1.3. 
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Figure 5. Effect of a Semiannular Thermal Acoustic Shield on Directivity and Spectra of 
a Conical Nozzle, 








1.2 SINGLE-FLOW STUDY 


A total of nine configurations (designated TAS-1 through TAS-9) employing 
single-flow, annular, primary nozzles were tested. They are listed below: 

Unsuppressed Configurations 

TAS-1: Baseline unsuppressed annular plug nozzle 

TAS-2: Unsuppressed annular plug nozzle with 180° shield of 1.2 cm 

(0.48 in.) thickness 

TaS- 3: Unsuppressed annular plug nozzle with 180° shield of 2.5 cm 

(0.97 in.) thickness 

TAS-4: Unsuppressed annular plug nozzle with 360° shield of 1.2 cm 

(0.48 in.) thickness 

TAS-5 : Convergent-divergent annular plug nozzle with 180° shield of 

1.2 cm (0.48 in.) thickness 

Mechanically Suppressed Configurations 

TAS-b: Baseline 32-chute annular plug suppressor nozzle 

TAS-7: 32-chute annular plug suppressor nozzle with 180° shield of 

1.2 cm (0.48 in.) thickness 

TAS-8: 32-chute annular plug suppressor nozzle with 180° shield of 

2.5 cm (0.97in.) thickness 

TAS-9: 32-chute annular plug suppressor nozzle with 360° shield of 

1.2 cm (0.48 in.) thickness 

Acoustic data were obtained for 314 acoustic test points. Mean and tur- 
bulent velocity data for 10 of the plumes associated with 4 of the configura- 
tions were measured using the laser velocimeter. The significant observations 
obtained from analyses of the acoustic data (Reference 12) are summarized 
briefly below. 

a. For a given shield flow rate, a 180° partial thermal acoustic shield 
reduces primary nozzle jet noise more than a full 360° shield does. 

b. Shield thickness has a significant bearing on the noise reduction 
potential of a thermal acoustic shield. A thicker shield, 2.5 cm 
(0.97 in.) was observed to be more effective in noise suppression 
than a thinner shield of 1.2 cm (0.48 in.). 

c. The noise reduction potential of a thermal acoustic shield was 
observed to decrease with increasing primary jet velocity. 
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d. A thermal acoustic shield yields a larger perceived noise level 
(PNL) reduction for a mechanically suppressed plug nozzle than that 
obtained using an unsuppressed annular plug nozzle. The shielding 
effect of a thermal acoustic shield is the dominant effect for the 
unsuppressed annular plug nozzle, and shielding and source-modifica- 
tion effects are significant for mechanically suppressed nozzles. 

e. The important noise-reduction mechanisms observed with the thermal 
acoustic shield are: 

• Intermediate- and high-frequency noise reduction, at shallow 
aft angles to jet axis, due to the total reflection of sound 
waves from the primary jet by the shield flow. 

• Intermediate- and high-frequency noise reduction, in the front 
quadrant and at 0 £ = 90°, due to source strength modification 
by the thermal acoustic shield flow. 

• Low-frequency noise amplification, in the aft quadrant, due to 
elongation of jet plume by the thermal acoustic shield flow. 

Observation (e) is made clear by the data presented in Figure 6 (from 
Reference 12) that show the influence of the 2.5-cm (0.97-in.) thick, 180° 
shield on the directivity of the various one- third-octave-band frequencies of 
unsuppressed annular plug and 32-chute suppressor nozzles at a typical 
Advanced Supersonic Transport/Variable Cycle Engine (AST/VCE) approach cycle 
condition. Significant aft quadrant suppression of the high-frequency noise 
is noted for both the unsuppressed and the 32-chute suppressor nozzles. For 
the 4 kHz band, the maximum suppression is approximately 20 dB at 0 £ = 140° for 
both the unsuppressed and the 32-chute suppressor nozzles. For the unsuppres- 
sed nozzle, suppression increases with frequency at all aft-quadrant angles. 
However, such a trend is observed for the 32-chute suppressor nozzle only at 
aft-quadrant angles of 6 ^ = 140° and 150°. The rapid increase in suppression 
of high-frequency noise in the aft quadrant is attributed to the shielding 
effect. Based on the aerodynamic conditions of the shield and primary jets, 

the critical angle ( 64 ) for total reflection can be calculated by the follow- 
er 

ing relationship (Reference 13): 


* cos ( 0 . ) 
cr 


M + 
c 


1 

(a/ a 


amb ' 


( 1 ) 


where M c is the noise source (eddy) convection Mach number, a is the local 
sonic speed in the flow through which the eddy is convecting, and a am ^ is the 
ambient speed of sound. 
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Figure 6. Influence of 180° Shield of 0.97 Inch Thickness on the Directivity of Various 
One-Third Octave Band Frequencies of Unsuppressed and Suppressed Annular Plug 
Nozzles at Approach Conditions. 




The above relationship is based upon ray acoustics and assumes a plug 
flow model for the jets. The eddy convection Mach number, M c> i s calculated 
empirically using the correlations suggested in Reference 13 which follow: 



(For unsuppressed nozzles) 


(For mechanically suppressed 
nozzles) 


( 2 ) 


(3) 


Using the above equations, the critical angles for total reflection for the 
approach-power flow conditions for the unsuppressed and suppressed annular plug 
nozzles are calculated to be 117° and 122° respectively. The measured data 
confirm that, for > 120°, the partial shield effectively suppresses the 
high-frequency waves that behave like acoustic rays. This implies that 
internal reflection is one of the dominant mechanisms at shallow angles to the 
jet axis. However, with nozzle jets having axially distributed sources, there 
is no abrupt onset of the noise cutoff mechanism for the high-frequency waves 
as implied by the acoustic ray concept of total internal reflection. 

It can be seen from Figure 6 that for frequencies equal to or greater 
than 250 Hz, the noise in the front quadrant for both the unsuppressed and 
suppressed annular plug nozzles is reduced by the shield flow. This reduction 
in the front quadrant and at = 90° occurs because changes in the velocity 
and temperature gradients by the partial shield modify the sources. The par- 
tial shield reduces the velocity and temperature gradients of the core jet 
near the jet exit plane, thereby reducing the source strength of the eddies 
close to the exit plane. However, reducing the gradients of velocity by the 
shield results in lengthening of the jet in the axial direction, which 
in turn leads to more low-frequency jet noise. 

The above analysis is repeated for a typical AST/VCE cutback cycle condi- 
tion in Figure 7. The shield suppression characteristics in the aft quadrant 
for the unsuppressed annular plug nozzle for the cutback case (see Figure 7a) 
resemble those of the annular plug nozzle for the approach case, that is, as 
frequency increases so does the suppression; and the 4000 Hz frequency shows a 
peak suppression of about 22 dB at both Oj = 150° and 160°. Compared to the 
approach case, the cutoff mechanism seems to set in rather abruptly. Also, 
noise reduction due to source modification is smaller in the front quadrant. 
Both of these observations indicate a reduced mixing of the shield and primary 
jets for the cutback case. In the case of the 32-chute suppressor at cutback 
(see Figure 7b), the 4000 Hz frequency yields about the same maximum value of 
suppression in the aft quadrant as in the approach case, namely, 19 dB. The 
250 Hz and 500 Hz octave bands show amplification in the aft quadrant for the 
cutback case, unlike that at approach. The partial shield shows larger values 
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of source reduction in the front quadrant for the suppressor nozzle. This is 
attributable to the differences in the mixing characteristics between the 32- 
chute suppressor and unsuppressed annular plug nozzles. For the 32-chute sup- 
pressor nozzle with the partial shield, only two of the higher frequencies exam- 
ined (2000 Hz and 4000 Hz) show features of total reflection, whereas with the 
unsuppressed annular plug nozzle, all the frequencies considered except the 
lowest show features of total reflection in the aft quadrant. This suggests 
that source modification is more important for the 32 chute suppressor nozzle 
than for the unsuppressed annular plug nozzle with the partial thermal acous- 
tic shield. 

Figure 8 shows the influence of the partial TAS on the directivity of 
various one-third-octave-band frequencies, at a typical AST/VCE takeoff condi- 
tion, for unsuppressed annular plug and 32 chute suppressor nozzles. The noise 
suppression features of the partial shield on the unsuppressed annular plug 
nozzle resemble those at the cutback condition. However, in the case of the 
32-chute suppressor nozzle, only the 4000 Hz frequency shows features of total 
reflection, and source modification appears to be dominant at takeoff. There 
is considerable amplification of the 250 Hz and 500 Hz frequencies in the aft 
quadrant by the partial TAS for the 32-chute suppressor nozzle. Such amplifi- 
cations at 250 and 500 Hz are not observed in the case of the unsuppressed 
annular plug nozzle. This is another indication of the different mixing fea- 
tures of the unsuppressed annular plug and the 32 chute suppressor nozzles 
with partial shields. 


1.3 DUAL -FLOW STUDY 


The dual-flow study was begun with objectives similar to those of the 
single-flow investigation. Detailed acoustics and diagnostic flow data were 
measured at typical VCE operating nozzle temperatures and pressure ratios in 
order to determine the effectiveness of thermal acoustic shields with coannular 
plug nozzles, and their possible application to advanced supersonic transports. 
A total of nine configurations (designated TAS-10 through TAS-12 and TAS-14 
through TAS-19) employing dual-flow coannular primary nozzles were tested. The 
required shield jets were bled from the heated stream that supplied the flow to 
the outer annulus of the coannular nozzles and passed through different sets of 
choke plates to obtain selected shield-to-outer stream velocity ratios (V®’°). 
The tested configurations are listed below. 


Unsuppressed Configurations 

TAS-10: Baseline unsuppressed Coannular Plug Nozzle 

TAS-11: Unsuppressed Coannular Plug Nozzle with 180° Shield of 

2.5 cm (0.97 inch) thickness and operated at V®’° = 0.64* 


* These ratios refer to typical takeoff conditions only. 
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TAS-12: Unsuppressed Coannular Plug Nozzle with 180° Shield of 

2.5 cm (0.97 inch) thickness and operated at = 0.83* 

TAS-14: Unsuppressed Coannular Plug Nozzle with 360° Shield of 

1.2 cm (0.5 inch) thickness and operated at V^’° = 0.83* 


Mechanically Suppressed Configurations 

TAS-J.5: Baseline Coannular Plug Nozzle with 20-Chute Outer Stream 

Suppressor 

TAS-16 : Coannular Plug Nozzle with 20-Chute Outer-Stream Suppressor 

and with 180° Shield of 2.5 cm (0.97 inch) thickness and 
operated at V®*° = 0.64* 

TAS-17: Coannular Plug Nozzle with 20-Chute Outer Stream Suppressor 

and with 180° Shield of 2.5 cm (0.97 inch) thickness and 
operated at V® ,D = 0.83* 

TAS-18: Coannular Plug Nozzle with 20-Chute Outer-Stream Suppressor 

and with 180° Shield of 2.5 cm (0.97 inch) thickness and 
operated at V® ,Q = 0.48* 

TAS-19: Coannular Plug Nozzle with 20-Chute Outer-Stream Suppressor 

and with 360° Shield of 1.3 cm (0.50 inch) thickness and oper- 
ated at V®’° = 0.83* 

A total of 136 acoustic test points were conducted with these configura- 
tions. During acoustic tests with configurations TAS-15 through TAS-18, static 
pressure data in the chute base region were measured in order to estimate the 
effect of shield stream on the suppressor base drag. Mean and turbulent veloc- 
ity measurements were conducted on four different plumes using a laser veloci- 
meter. Detailed descriptions of the model nozzle configurations, along with a 
brief description of the facility, are given in Section 2.0 of this report. 

The aerodynamic flow conditions of the acoustic and laser velocimeter test 
points are tabulated in Section 3.0. 

Measured acoustic and diagnostic data are presented and discussed in Sec- 
tion 4.0. The objective is to demonstrate the benefit of thermal acoustic 
shields. Section 4.0 is divided into two major subsections that discuss the 
influence of the various thermal acoustic shields on the baseline unsuppressed, 
high-radius-ratio, coannular plug nozzle (TAS-10) and the baseline suppressed, 
coannular plug nozzle (TAS-15). Under each of the subsections, the acoustic 
characteristics of the baseline nozzle are presented and the effects of the 
partial shield (orientation and shield-to-outer stream velocity) and full 
shield are discussed. The relevant mean and turbulent velocity profiles mea- 
sured with the partial shield are also presented. In addition, the subsection 

* These ratios refer to typical takeoff conditions only. 
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on the suppressor nozzle characteristics contains base pressure data that 
describe the effect of the shield flow on the suppressor base drag. 

The measured velocity data obtained using the unsuppressed coannular plug 
nozzle with the partial shield are compared with the corresponding predictions 
of a modified M*G*B model in Section 5.0. Details of the modifications to the 
model are described, and typical measured and predicted acoustic data compari- 
sons that indicate similar trends in the acoustic suppression in the aft quad- 
rant are presented. 
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2.0 TEST FACILITY AND SCALE-MODEL CONFIGURATIONS 


All of the acoustic and diagnostic tests of this program were conducted 
in General Electric's Anechoic Free-Jet Facility at Evendale, Ohio. Brief 
descriptions of the facility, data acquisition and reduction procedures, and 
scale model test nozzles are presented in this section. Detailed descriptions 
of the facility and acoustic data acquisition, reduction, and flight transfor- 
mation procedures are supplied in References 14 through 16. 


2.1 ANECHOIC FREE-JET FACILITY 

The facility, shown schematically in Figure 9, is a cylindrical chamber 

13.1 meters (43 feet) in diameter and 21.95 meters (72 feet) high. The inner 
surfaces of the chamber are lined with anechoic wedges made of fiberglass 
wool to yield an absorption coefficient of 0.99 at frequencies above 220 Hz. 
Descriptions and results of the tests conducted to determine the acoustic char- 
acteristics of the anechoic chamber (such as inverse square law tests) and the 
mean velocity and turbulence intensity distributions in the free jet are pre- 
sented in Reference 15. 

The streams of heated air needed for a dual-flow arrangement are produced 
by two separate burners and flow through silencers and plenum chambers before 
entering the test nozzle. The tertiary air comes from a 250 , 000-sc fm (50 
inches water column static pressure) fan driven by a 3500-hp electric motor. 

The air from the tertiary fan is routed through a silencer plenum cham- 
ber and then discharged through the 1 . 2-m (4-foot) exhaust to simulate a free 
jet up to a Mach number of 0.41. Free- jet Mach number is varied by controlling 
the tertiary airflow rate with adjustable fan inlet vanes. The combined air- 
flow is finally exhausted through a "T" stack situated directly over the noz- 
zles in the ceiling of the chamber. 


2.1.1 Aerodynamic Data Acquisition and Reduction 

The facility operating parameters are monitored during testing at the con- 
trol console to ensure that prescribed facility limits are not exceeded and to 
set the test-point conditions. The pressures associated with the two heated 
streams are measured with rakes located upstream of nozzle exits and are used 
for setting the desired nozzle pressure ratios. These parameters are also 
routed through the Dymec scanning system and recorded along with nozzle per- 
formance data by the aerodynamic data handling (ADH) system. Facility temper- 
atures are monitored at the control console using a Doric multichannel temper- 
ature indicator. The unit has a 24 channel capability and is designed for use 
with Type K thermocouples ( chromel-alumel ) . It is used for safety monitoring 
and setting test-point temperatures for the dual-flow system. A system sche- 
matic is shown in Figure 10, 
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Figure 10. General Electric Anechoic Chamber Aerodynamic Data 
Processing System. 
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Special multielement rakes have been installed to measure aerodynamic 
flow parameters of the dual flow streams. They employ four individual rakes, 
two in each stream, each having three pressure and three temperature elements 
positioned at the centers of six equal area annular segments of the flow 
stream. These rakes use shielded Type K chrome 1 - a lumel thermocouples which 
have a recovery factor very close to unity. Pressure measurement accuracy is 
limited by the accuracy of the transducer used for the measurement. The scani- 
valve transducers that are used are rated 0.1% of full-scale range. 

Aerodynamic flow parameters are calculated from the acquired temperature 
and pressure information. The input information for nozzle performance con- 
sists of ambient pressure (P am b)j nozzle discharge total temperature (T-jO, and 
nozzle total pressure (Pj)* For the case of tertiary flow, similar parameters 
are measured. Output of the processing program consists of tabulations of the 
individual input parameters with their identification, averages of similar 
parameters (for example, P-p rake average), and calculated parameters such as 
flow rates, Mach number, ideal velocity, and ideal thrust. 


2.1.2 Acoustic Data Acquisition and Reduction 

A flow chart of the acoustic data acquisition and reduction system is 
shown in Figure 11. This system has been optimized to obtain the acoustic 
data up to the 80 kHz 1 /3-octave-band center frequency. B&K 4135, 0.64-cm 
condenser microphones with the microphone grid caps removed to obtain the best 
frequency response are used to gather 80 kHz data. The cathode followers used 
in the chamber are transistorized B&K 2619 with B&K 2801 power supply systems 
operated in the direct mode. The output of the microphone system is connected 
to a line driver that adds 10 dB of amplification to the signal as well as add- 
ing "preemphasis" to the high frequency portion of the spectrum. The net 
effect of this amplifier is a 10 dB gain at all frequencies, plus an additional 
3 db at 40 kHz and 6 dB at 80 kHz from preemphasis. This increases the ability 
to measure low amplitude, high frequency data. In order to remove low fre- 
quency noise, high pass filters, with attenuations of approximately 26 dB at 
12.5 Hz decreasing to 0 dB at 200 Hz, are installed in the system. 

The tape recorder amplifiers have a variable gain from -10 dB to +60 dB 
in 10 dB steps and are able to trim gain in order to normalize incoming sig- 
nals. High-pass filters incorporated into the acoustic data acquisition sys- 
tems enhance high frequency data previously lost in the tape recorder elec- 
tronic noise floor for microphones from 110° to 160°. The microphone signal 
below the 20-Hz 1/3-octave band is filtered out, and the gain is increased to 
boost the "signal- to-noise" ratio of the remaining high frequency signal. For 
microphones from 110° to 160°, both the filtered and unfiltered signals are 
recorded on tape. The sound pressure levels for frequencies below 20 kHz are 
calculated using the unfiltered signal; above 20 kHz the filtered signal is 
used. The final jet noise spectrum at a given angle is obtained by computa- 
tionally merging these two spectra. 
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The main system for recording acoustic data is a Sangamo/Sabre IV 28-track 
FM recorder. The system is set up for wide band Group I (intermediate band 
double extended) at 120-ips tape speed. Operating at 120-ips tape speed 
extends the dynamic range to that needed to get the high frequency/ low ampli- 
tude portion of the acoustic signal. The tape recorder is set up for ±40% 
carrier deviation with a recording level of 8 volts peak-to-peak. During 
recording, the signal gain is adjusted to maximum without exceeding the 8 volt 
peak-to-peak level . 

Individual monitor scopes are used to observe signal characteristics dur- 
ing operation. On-line data is monitored through a Rockland narrow band ana- 
lyzer and a spectral Dynamics SD345 analyzer with outputs presented on display 
scopes and hard copy equipment. 

Standard data reduction is conducted in the General Electric AEBG Instru- 
mentation Data Room (IDR). The analog data tapes are played back on a CDC- 
3700B tape deck with electronics that can reproduce signal characteristics 
within the specifications indicated for wide band Groups I and II. An auto- 
matic shuttling control is incorporated into the system. In normal operation, 
a tone is inserted on the recorder at the time slot designated for data anal- 
ysis. Tape control automatically shuttles the tape, sending an integration 
start signal to the analyzer at the tone as the tape moves forward. The motion 
continues until an "integration complete" is received from the analyzer, at 
which time the tape direction is reversed. The tape restarts at the tone, 
advancing forward to the next channel to be analyzed, until all the channels 
have been processed. A time code generator is also used to signal the tap 
position of the readings as directed by the computer program control. After 
each total reading is completed, the number of the tape channel at each point 
is advanced to the next reading. 

All 1/3-octave analyses are performed on a General Radio 1921 1/3-octave 
analyzer. Normal integration time is set for 16 seconds to ensure good inter- 
action for the low frequency content. The analyzer has 1/3-octave filter sets 
from 12.3 Hz to 100 kHz and has a rated accuracy of ±1/4 dB in each band. 

Each data channel passes through an interface to the INTERDATA computer. Here 
the data are corrected for the frequency response of the microphones and are 
also corrected to standard day (13° C or 39° F, 70% RH) atmospheric attenuation 
conditions using the Shields and Bass model (Reference 17). They are then 
processed to calculate the perceived noise level and OASPL from the spectra. 

For calculation of the acoustic power, scaling to other nozzle sizes, or extra- 
polation to different far-field distances, the data are sent to the Honeywell 
6000 computer for processing. The SPL 1 s are transmitted through a direct time- 
sharing link to the 6000 computer through a 1200 baud modem. In the 6000 com- 
puter, the data are processed through the Flight-Transformed Full-Scale Data 
Reduction (FTFSDR) program where the appropriate calculations are made. The 
data are printed out on a high-speed remote terminal. 

The detailed data processing flow chart is shown in Figure 12. The 
as-measured data are first extrapolated from the measured distance to a common 
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PRINTOUT 
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STANDARD DAY 
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PRINTS 
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PRINTOUT 
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• PUL (Based on Full Sphere) 

* Uses Shields and Bass Pure Tone Correction (Ref. NASA CR-2760) 

** Max. frequency is a function of diameter ratio. 


Figure 12 


Acoustic Data Flow Chart 









12.3 meter (40 foot) arc. This is accomplished by subtracting both the dis- 
tance correction [that is, 20 log (40 foot distance/measured distance)] and the 
atmospheric attenuation correction over the a distance (that is, where a dis- 
tance = 40 feet - measured distance). The Shields and Bass Pure Tone Method 
(Reference 17) is used for all atmospheric attenuation corrections. The data 
are then converted to standard day at the 12.3 meter (40-foot) arc location by 
adding in the standard day correction. The data are tabulated for SPL, OASPL, 
and PWL (for full sphere and based on the lossless data). For this program, 
scale model data below the chamber cutoff frequency of 220 Hz are ignored. 

Next, the scale model data are corrected for background noise using the back- 
ground noise spectra obtained from the tertiary jet at the chosen simulated 
flight velocity. The corrected scale model data are next processed through 
the flight transformation procedure to obtain data representative of the noise 
produced in actual flight. 

2.2 LASER VELOCIMETER SYSTEM 


The concept of using a Laser Velocimeter to get the mean and turbulent 
velocity profiles may be described as follows. Two beams of monochromatic 
light intersect at a point in space and set up a fringe pattern of known spac- 
ing. The flow is seeded with small particles which pass through the measuring 
volume. The light scattered from the particles is collected, and the laser 
signal processor measures the time it takes for the particles to pass through 
each fringe. Knowing the distance and time for each validated particle enables 
the construction of the histogram. Then by statistical techniques the mean 
value (which corresponds to the mean velocity) and the standard deviation 
(which corresponds to the turbulent velocity) are constructed. 


2.2.1 General Arrangement 

The laser velocimeter (LV) used during this program is a system developed 
under a USAF/DOT-sponsored program and reported in detail in Reference 18. 

The basic optics system is a differential Doppler, backscatter, single-package 
arrangement of proven ruggedness. Figure 13 shows a photograph of the LV sys- 
tem in the General Electric Anechoic Test Facility. The dimensions of the 
control volume are 0.636 cm (0.23 inch) for the major axis and 0.518 cm (0.020 
inch) for the minor axes. The range of the LV control volume from the laser 
hardware is 2.16 m (85.0 inches). The three steering mirrors and the beam 
splitter are mounted on adjustable supports made of the same aluminum alloy to 
eliminate temperature-alignment problems. The LV is mounted on a platform 
that is capable of remote actuation in the vertical and horizontal planes. 

The flow is seeded with titanium dioxide powder of nominal 1-micron 
diameter in the supply air to the burner and at the region of the nozzle to 
seed the entrained air. The powder- feeder equipment used is as described in 
Reference 18, except that the fluidized bed column supply air is heated to 
about 394.1 K (250° F) to prevent powder aggregation by moisture absorption. 
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2.2.2 Signal Processing and Data Reduction 

The LV signal processor used is a direct-counter (time-domain) type simi- 
lar to that reported in References 18 and 19, but with improvements that lower 
the rate of false validations and sharpen linearity and resolution. Turbulent 
velocity probability distributions (histograms) are recorded by an NS633 pulse 
height, 25b-channel analyzer. All the data acquired from the laser unit are 
transmitted to a minicomputer system which stores the data on diskettes and 
performs all the necessary data reduction functions. 

A histogram is an estimate of the first-order probability density of the 
amplitude of a given sample. To obtain a velocity histogram, the time-depen- 
dent LV velocity, V(t), is accumulated and divided into classes bounded by 
values of velocity increments V^. For each independent sample of velocity, 
a class interval is formed such that < V(t) < Vi+i. During a measurement 
period, number of velocity samples are accumulated in each sample class Vj. 
From the total sample of measured velocity points, the histogram is con- 
structed. The mean and turbulent velocities are derived from the histogram 
as follows: 


Mean Velocity 


The mean velocity of the jet, V, obtained from the discrete velocity sam- 
ple is calculated by: 

V- £ 

All Class 
Interval s 

where 


V. , + V, 
l+l 1 


is the value of the sampled axial velocity component at 
center of the class interval 


k^ is the number of velocity samples in the class interval 

N is the total number of velocity samples (* L k^) in the 

histogram 


Turbulent Velocity 

To obtain the turbulent velocity, V 1 , from the sampled data contained in 
the histogram, the standard square root of the statistical variance is per- 
formed. This is calculated using the following equation: 
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In addition to the above described stationary mode of LV operation for 
the determination of mean and turbulent velocities at discrete points, the LV 
can be operated in a traversing mode to obtain continuous profiles of mean 
velocities. These traverses are possible along any of the three LV axes. 

During these traverses, the data describing the velocity levels and the loca- 
tion of the measurement volume are recorded continuously on an X-Y plotter. 

The traversing speeds are adjusted and traverses are repeated to well define 
mean velocity profiles. While exact sampling rates during these traverses are 
not recorded in any way, it is felt that an estimated rate of approximately 
100 samples per centimeter (250 samples per inch) of traverse is needed for a 
well-defined , smooth profile. 

The LV software has been modified recently to allow mean velocity data 
to be obtained during any of the traverses from minihistograms in the form of 
plots of mean velocity data points as a function of traverse location. During 
the current program, the mean velocity data measured with the minihistograms 
have been obtained from the acceptable data samples set to 20. This number of 
acceptable samples yields an estimated 5 % error in the LV mean velocity meas- 
urements with a statistical 95% confidence level for a given turbulent veloc- 
ity ratio (V'/V) of 10%. 

Mean velocity traces obtained during typical axial and radial traverses 
are provided in Figure 14. In addition to the traverse mode of LV operation, 
point histograms were taken at given locations along most of the traverses in 
order to acquire both turbulent and mean velocity data. In this stationary 
mode of LV operation, the number of acceptable samples is set to 1,000. This 
number of data samples yields an estimated 5% error in the turbulent velocity 
and less than 1% error in the measured mean velocity. The mean velocities so 
measured at fixed locations along the traverses of Figure 14 are presented 
also in this figure. An examination of the data indicates that the mean veloc- 
ities measured with minihistograms and point histograms are in good agreement 
and the mean velocity profiles obtained from minihistograms are adequate. 

2.3 SCALE-MODEL NOZZLES 

The principal objective of this study was to develop a technology base 
for a thermal acoustic shield (TAS) concept for Advanced Supersonic Technology/ 
Variable Cycle Engine (AST/VCE) application by experimentally evaluating the 
influence of selected geometric and aerodynamic flow variables and of simu- 
lated flight on the acoustic behavior of unsuppressed and mechanically sup- 
pressed coannular plug nozzles with thermal acoustic shield. Earlier 
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Figure 14. Comparison of Velocity Data Obtained with Minihistograms and 
Point Histograms During Typical Axial and Radial Traverses. 





investigation (Reference 12) within this contract looked into application of 
thermal acoustic shields to unsuppressed and mechanically suppressed annular 
plug nozzles . 

Nine configurations were designed and fabricated to meet the objectives 
of this dual-flow thermal acoustic shield phase of this program. Four of these 
configurations have an unsuppressed coannular plug nozzle and the remaining 
five have a coannular plug nozzle with a 20-chute outer-stream suppressor. 

Hie nine configurations are described below: 

Unsuppressed Coannular Configurations 

TAS-10: Baseline Unsuppressed Coannular Plug Nozzle, Figure 15. 

TAS-11 : Unsuppressed Coannular Plug Nozzle with 180° Shield of 

2.46 cm (0.97 inch) thickness and operated at = 0.64, 

Figures 16, 17, and 18. 

TAS-12: Unsuppressed Coannular Plug Nozzle with 180° Shield of 

2.46 cm (0.97) inch thickness and operated at VS>° = 0.83, 
Figures 16, 17, and 18. 

TAS-14: Unsuppressed Coannular Plug Nozzle with 360° Shield of 

1.27 cm (0.50 inch) thickness and operated at V£> s « 0.83, 
Figure 19. 


Mechanically Suppressed Coannular Configurations 

TAS-15: Baseline Coannular Plug Nozzle with 20-Chute Outer-Stream 

Suppressor, Figures 20 and 21. 

TAS-16: Coannular Plug Nozzle with 20-Chute Outer-Stream Sup- 

pressor and with 180° Shield of 2.5 cm (0.97 inch) thick- 
ness and operated at VS>o = 0.64, Figure 22. 

TAS-17: Coannular Plug Nozzle with 20-Chute Outer-Stream Sup- 

pressor and with 180° Shield of 2.5 cm (0.97 inch) thick- 
ness and operated at = 0.83, Figure 22 

TAS-18: Coannular Plug Nozzle with 20-Chute Outer-Stream Sup- 

pressor and with 180° Shield of 2.5 cm (0.97 inch) thick- 
ness and operated at Vg>o = 0.48, Figure 22. 

TAS-19: Coannular Plug Nozzle with 20-Chute Outer-Stream Sup- 

ressor and with 360° Shield of 1.3 cm (0.50 inch) thick- 
ness and operated at V| >° = 0.83, Figure 23. 
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Figure 15. Schematic of Baseline Unsuppressed Coannular Plug Nozzle, Configuration TAS-10 






All dimensions in inches 
Otherwise same as in Figure 15 



Figure 16. Schematic of Unsuppressed Coannular Plug Nozzle with 180° Shield 
Configurations TAS-11 and TAS-12. 
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Figure 17. Unsuppressed Coannular Plug Nozzle with 180° Shield in Anechoic 
Test Facility, Configuration TAS-11 and TAS-12. 
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Figure 18. Unsuppressed Coannular Plug Nozzle with 180° Shield in Anechoic Test 
Facility, Configurations TAS-11 and TAS-12 (Detail). 
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Figure 19. Schematic of Unsuppressed Coannular Plug Nozzle with 360° Shield, 
Configuration TAS-14. 
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Figure 20. Schematic of Coannular Plug Nozzle with 20-Chute Outer-Stream Suppre 
Configuration TAS-15. 
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Figure 21. 


Coannular Plug Nozzle with 20-Chute Outer-Stream Suppressor, 
Configuration TAS-15. 
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All dimensions in inches 



Figure 23. Schematic of Coannular Plug Nozzle with 20-Chute Outer-Stream Suppressor and 
360° Shield, Configuration TAS-19. 


The hine configurations are grouped as baseline (TAS-10 and -15) and 
thermal acoustic shielded (TAS-11, -12, -14, -16, -17, -18 and -19). The test 
configuration design details are discussed in Sections 2.3-1 and 2.3-2 for 
these two groups, respectively. Details including design methodology, supply 
system, individual part drawings and photos, and application of instrumenta- 
tion are provided in Reference 20. 


Tables I and II present a summary of the significant geometric parameters 
of the baseline coannular configurations and of the various shield nozzles, 
respectively. 


2.3.1 Baseline Coannular Configurations 

TAS-10 is the baseline unsuppressed and TAS 15 is the baseline suppressed 
configuration without TAS. Significant geometric details of the outer and 
inner nozzles of these two baseline configurations are given below: 


Unsuppressed Coannular Plug Nozzle: TAS-10 

The baseline unsuppressed coannular plug configuration (see Figure 15 and 
Table I) has geometric flow areas of A° = 23.22 in 2 , A 1 = 4.64 in 2 , and A T = 
27.86 in 2 for a total area equivalent diameter, D eq , of 5.957 in., and a system 
area ratio, Ajt>°, of 0.20. The nozzle has convergent flowpath terminations 
on the inner and outer nozzles. The choices of radius ratios, plug angle, and 
so forth, are based on previous experiences (References 1 and 21) which have 
shown this configuration to be more practical and noise effective than a con- 
vergent circular nozzle. Most of the aerodynamic flowlines are identical to 
those of the baseline coannular nozzle system tested on the YJ101 engine (Ref- 
erence 1). To ensure interchangeability of the shield hardware, the outer- 
flowpath physical dimensions of TAS-10 were set equal to those of the existing 
20-chute suppressor nozzle. 


Coannular Plug Nozzle with 20-Chute Outer-Stream Suppressor: TAS-15 

The 20-chute coannular suppressor (see Figures 20, 21, and Table I) was 
fabricated and tested under Contract NAS3-21608 (Reference 22). It was subse- 
quently tested as a single flow turbojet suppressor within Contract NAS3-22514 
(Reference 23) and as a dual flow system under Contract NAS3-23166 (Reference 
24). This nozzle is a scale model of the test-bed engine suppressor built for 
the YJ101 Engine (Reference 25). 


The outer nozzle uses 20 chutes of radial exit-plane planform and has a 


suppressor area ratio, A^^ 


128.36 cm (19.90 in^) and A 1 = 25.74 cm^ (3.99 in^) result in a total flow 
area of 154.09 cm2 (23.89 in^) and a total area equivalent diameter of 14.02 cm 
(5.52 in), and a shield system area ratio of 0.20. Additional details and manu- 
facturing drawings of the suppressor nozzle are provided in Appendix II of Ref- 
erence 26. 


/ A 4 

'~Flow> 


1.75. Geometric flow a^eas 
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Table I. Geometric Parameters of the Outer 
and Inner Nozzles of Baseline Configurations. 




Unsuppressed 

Suppressed 

Outer Nozzle: 



Unsuppre ssed/ 20 -Chute 

Unsuppressed 

20-Chute 

Throat Height, h° , cm (in) 

1.97 (0.766) 

3.12 (1.230) 

Throat Area, A° , cir^ (in^) 

149.82 (23.222) 

128.36 (19.90) 

Hub Radius at Throat, R° cm (in) 

11.28 (4.442) 

10.10 (3.978) 

Tip Radius at Throat, R° cm (in) 

13.22 (5.208) 

13.22 (5.208) 

Throat Radius Ratio, R° 

0.853 

0.764 

Termination Shape 

Convg. 

Convg. 

Exit Plane Discharge Angle Relative to 



Axis e t £, deg. 

0 

0 

Number of Suppressor Elements 

— 

20 

Supr. Elemental Planform Shape 

- 

Rad ial 

Suppressor Area Ratio, AR 

- 

1.75 

Angle Subtended by Each Chute, 



0 chut e> deg< 

- 

7.714 

Angle Subtended by Each Flow Element 

1 


©flow^ deg. 

- 

10.286 

Chute Depth- to-V? id th Ratio 

1 

1.0 

Chute Entrance Design Mach Number 

i 

i 

0.7 


Inner Nozzle: j 

Throat Height, h*, cm (in) 

Throat Area, A 1 , ctt^ (in^) 

Hub Radius at Throat, , cm (in) 

Tip Radius at Throat, R£, cm (in) 

Threat Radius Ratio, R* 

r 

Termination Shape 

Exit Plane, Discharge Angle Relative to \ 
Axis, 0 t *, deg. j 


0.59 (0.234) 
29.95 (4.644) 
7.74 (3.047) 

8.31 (3.273) 
0.931 
Convg. 


0.51 (0.200) 
25.74 (3.99) 
7.83 (3.082) 

8.32 (3.275) 
0.941 
Convg. 


Unshielded Conf igur at ion Designation 


Table II. Geometric Parameters of the Shielded Nozzles. 
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2.3.2 Thermal Acoustic Shield Nozzle Configurations 


A 180°-shield nozzle and a 360°-shield nozzle were designed and fabri- 
cated. Each was designed to be interchangeable with the baseline unsuppressed 
(TAS-10) and the baseline suppressed (TAS-15) coannular nozzles, to yield 
shielded Configurations TAS-11, -12, and -14 through -19. As both the shield 
and outer streams are supplied from the same heated air source, shield-to-outer 
stream velocity ratio, V s >°, was varied through physical changes in the flow 
condition of choke plate hardware. 

The 180° and 360° shields are designed for the same exit areas and have 
shield exit plane thicknesses of 2.46 cm (0.97 in.) and 1.28 cm (0.50 in.), 
respectively. These are in reasonable agreement with the shield thicknesses 
of 0.97 in. and 0.48 in. that were employed earlier with the annular baseline 
nozzles of this program (Reference 14). Photos of the 180° shield as applied 
to the unsuppressed coannular nozzle are presented in Figures 17 and 18. 

The set-back distances of the 180° and 360° shield exit planes, relative 
to the outer stream of the baseline unsuppressed coannular nozzle were 1.80 cm 
(0.71 in.) and 1.90 cm (0.75 in.) respectively. These were similar to those 
of the annular unsuppressed configurations. The design parameter held constant 
when applying the 180° and 360° shield nozzles to the 20-chute suppressor, as 
compared to the Single Flow 32-chute suppressor, was the distance from the 
shield nozzle throat plane to the leading edge of the chute cross section at 
the tip (approximately 3.05 cm, 1.2 inches, in both designs). 


Unsuppressed Coannular Plug Nozzle With Thermal Acoustic Shields: 
TAS-11, -12, and -14 


Based on the results of the single flow thermal acoustic shield study 
(Reference 14), the following cycle condition was selected as a "derated" take- 
off point for the coannular configurations: 


P° = 3.025 
r 

T®, 0 R * 1630 

V°, m/s (ft/s) = 715 (2325) 

W°, pps = 13.4 


P 1 = 2.056 V 1 * 0 = 0.60 

r r 

Ti, ° R = 870 

V 1 , m/s (ft/s) = 429 (1395) 

Vfi, pps = 2.5 


As the flows to the outer nozzle of the coannular and to the shield nozzle are 
supplied from a common source, each shield test configuration required defini- 
tion of a "design-point" shield-to-outer-stream velocity ratio, V®>°, so as 
to select the proper choke plate system in the shield flow. These "design- 
point" values of V s >° were selected as 0.64 and 0.83 for the shielded unsup- 
pessed coannular configurations. Selection of the proper choke plates then 
resulted in the following shield flow parameters at the selected "derated" 
takeoff condition: 
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TAS 11, Unsuppressed Coannular Plug Nozzle with 180° shield 
= 0.64 (Figures 16, 17, and 18). 5 


ys ,< 




P s = 1.50 
r 

T|, * R = 1630 

V s , m/ s (fps) = 446.5 (1465) 


W s , pps =4.8 
V®>° = 0.64 

W®>° 0.35 


TAS 12, Unsuppressed Coannular Plug Nozzle with 180° shield V s >° 
= 0.83 (Figures 16, 17, and 18). ’ r 




P s = 2.04 
r 

T®, ° R = 1630 

V s , m/s (fps) = 582.5 (1910) 


W s ,pps =6.7 
V®>° x 0.83 

W®>° = 0.50 


TAS-14, Unsuppressed Coannular Plug Nozzle with 360° shield 
= 0.83 (Figure 19) . 


V s »° 
r 


P| = 2.04 
Ts, * R = 1630 

Vs, m/s (fps) = 582.5 (1910) 


Ws ,pps 

= 6.7 

Vs,o 

r 

s 0.83 

Ws,o 

r 

= 0.50 


Coannul ar Plug Nozzle With 20-Chute Outer Stre am Suppressor with 
Thermal Acoustic Shields: TAS-16, -17, -18, and -19 

Application of the 180° and 360° shields to the baseline coannular plug 
nozzle with 20-chute outer-stream suppressor along with the selected choke 

plate geometry resulted in the following shield flow parameters at the selected 
derated takeoff condition: 

• TAS-16, Coannular Plug Nozzle with 20-Chute Outer-Stream Suppressor 
with 180° Shield, V^.o = o.64 (Figure 22). 

P® = 1.50 W s ,pps =4.8 

T|, ° r = 1630 v s»o - o.64 

VS, m/s (fps) = 446.5 (1465) W|>° * 0.35 

• TAS-17, Coannular Plug Nozzle with 20-Chute Outer-Stream Suppressor 
with 180° Shield, VS,o = 0 .83 (Figure 22). 

p ® = 2.04 Ws,pp S =6.7 

T|, 0 R = 1630 V’s ,o =0.83 

Vs, m/s (fps) = 582.5 (1910) Ws,o ~ 0-50 

• TAS-18 , Coannular Plug Nozzle with 20-Chute Outer-Stream Suppressor 
with 180° Shield, Vs,o = 0.48 (Figure 22). 
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= 3.3 


ps = 1 . 235 Ws ,pps 

Ts, ° R = 1630 Vs,o 0 .48 

Vs } m/ s (fps) = 326.3 (1070) Ws,o 5 : 0.25 


• TAS-19, Coannular Plug Nozzle with 20-Chute Outer-Stream Suppressor 

with 360° Shield, Vs,o = 0.83 (Figure 23). 


PS = 2.045 W s ,pps ® 6.7 

Ts, 0 R = 1630 V s >° - 0.83 

T r 

V s , m/ s (fps) = 582.5 (1910) W®j° - 0.50 


In designing the flow conditioning choke plate hardware, sufficient 
mechanical flexibility had been allowed so as to tune in the physical hardware 
during calibration and obtain the desired design values for V s >°. Off-design- 
point operation was accomplished by setting the desired inner and outer 
stream flow conditions with no change in the selected choke plate geometry. 

The resultant shield exit cycle conditions of these off-design points were 
determined through shield instrumentation during the detailed calibration. 
Calibration details and results are summarized in Reference 27. 
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3.0 ACOUSTIC AND DIAGNOSTIC TEST MATRICES 


A total of 136 acoustic test points were conducted with the coannular 
configurations described in Section 2.3. The distribution of the test points 
over unsuppressed and suppressed coannular test configurations is summarized 
in Table III. The majority of the test points simulate an operating line of 
AST/VCE engines, taking into consideration the facility total temperature 
limits maximum of 1730 R) . Mean and turbulent velocity measurements were 
conducted on four different plumes of nozzle configurations using the LV. 


3.1 ACOUSTIC TESTS 


Figure 24 specifies the variables that summarize the aerodynamic condi- 
tions of the acoustic test points. In addition to the inner, outer, and shield 
jet parameters, the tabulated data contain the mixed conditions that are calcu- 
lated on a mass-averaged basis for velocity and total temperature. The mass- 
averaged velocity (yraix) an d the mass-averaged total temperature (T-jJnix) are 
calculated using the following expressions: 


ymix 


and 


W°V° -i- w 1 v 1 + w s v s 
k° + W 1 + W S 


( 6 ) 


T 


mix 

T 


w ° t t + ^ + * St t 
w° + w 1 + w s 


(7) 


The mass averaged velocity can be referred to also as specific thrust 

since it is defined as total-thrust/total-weight-flow. also can be 

referred to as stagnation specific enthalpy since it is defined as total- 
stagnation-enthalpy/ total-weight-flow. From the known V mix and T T mix other 

mixed flow parameters have been calculated by using standard isentropic rela- 
tions. The mixed stream data are employed to calculate the mixed jet velocity 
parameter (LVM) and mixed shock strength parameter (LBM) . They are defined as 
follows : 


LVM = 10 log (V mlX /a . ) 

amb 


( 8 ) 


LBM = 10 log B eff 

where 



(9) 


( 10 ) 
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Table III. Summary of Acoustic Tests. 
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Figure 24. Description of Aerodynamic Data Sheet (English Units). 


and 



.. P ° A° + P 1 A 1 + P 8 A S 
eff _ r r r 

A° + A 1 + A S 


( 11 ) 


( 12 ) 


In the above expressions, P r is the pressure ratio and A is the flow area of 
the nozzle. The superscripts o, i, and s refer to outer, inner, and shield 
streams, respectively, and the value of y - 1.4. 

The ambient pressure and temperature, along with the relative humidity in 
the GE Anechoic Facility at the time of the test, and acoustic data extrapo- 
lated to a 731.5m (2400-ft) sideline and scaled to an AST product size of 
0.902 m 2 (1400 in. 2 ) also are presented in the tables. The selected acous- 
tic data correspond to microphone locations of 0^ = 50°, 60°, 70 , 90 , 120 , 
130°, 140° and 150°. 

The normalization factor (NF) found in these tables is employed to nor- 
malize the measured perceived noise level (PNL,) to a reference thrust (F re f = 
5130 lb) and jet density as follows : 

PNLN = Normalized PNL = PNL + NF 


where 


NF = -10 log (F/F ref ) (p mix /Pamb)“ _1 (13) 

The aerodynamic flow conditions and selected PNL acoustic data of the 
test nozzles TAS-10 through TAS-19 are prescribed in Tables IV through XII, 
respectively. 


3.1.1 Test Matrices of Unsuppressed Coannular Plug Nozzles 

A total of 67 acoustic test points were completed on the unsuppressed 
coannular plug nozzle with and without thermal acoustic shields. The test 
configurations consisted of: 

a. The baseline coannular nozzle (TAS-10) 

b. The baseline TAS-10 with the 0 . 97-in . -th ick 180° shield and the 
choke plates selected to give V s /V° of 0.64 and 0,83 (TAS-11 and 
0.83 (TAS-11 and TAS-12) at a typical takeoff condition 

c. The baseline TAS-10 with the 0 . 3-in . -thick 360° shield (TAS-14) with 
the choke plates identical to those of TAS-12 to give V s /V° £ 0.83. 
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Table IV. Test Matrix for Baseline Coannular Plug Nozzle, TAS-10 (English Units) 
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Table V. Test Matrix for Unsuppressed Coannular Plug Nozzle with 180° TAS at V®’° = 0.64 
Sideline and Community Orientations, TAS-11 (English Units). 
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Table VI. Test Matrix for Unsuppressed Coannular Plug Nozzle with 180 ° TAS at V r * - 0 . 83 , 
Sideline Orientation, TAS -12 (English Units). 
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Table VII. Test Matrix for Unsuppressed Coannular Plug Nozzle with 360° TAS at V^ ,G « 0.83 
TAS-14 (English Units) . 
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Table IX. Test Matrix for Suppressed Coannular Plug Nozzle with 180° TAS at V r ’ - 0.64 
Sideline and Community, Orientation , TAS-16 (English Units). 
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Table X. Test Matrix for Suppressed Coannular Plug Nozzle with 180° TAS at V s, ° = 0.83 
Community Orientation, TAS-17 (English Units). r 
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Table XII. Test Matrix for Suppressed Coannular Plug Nozzle with 360° TAS at V s, ° = 0.83 
TAS-19 (English Units) . r 
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Figures 25 and 26 describe the scope of acoustic tests on an engine oper- 
ating line in terms of shield to outer stream velocity ratios as a function of 
mass averaged velocity, Vmix > and outer stream pressure ratio, p°. 


Test Matrix for Baseline Unsuppressed Coannular Plug Nozzle (TAS-10) 

Table IV summarizes the test matrix for the baseline unsuppressed coannu- 
lar plug nozzle. The distribution of the test points is as follows: 

a. Test Points 1001, 1003, 1005, 1007, 1009, 1011, 1021, and 1002, 1004, 

1006, 1008, 1010, 1012, and 1022 simulate typical engine operating 

conditions under static and simulated flight, respectively. The 
aerodynamic conditions of these test points have been selected to 
yield an inner to outer stream velocity ratio that is in the neigh- 
borhood of 0.6. 

b. Test Points 1015, 1019, 1009, 1021, 1023, 1025, and 1027 yield vari- 

ation in (1.75, 1.90, 2.04, 2.28, 2.61, 2.82, and 3.01, respec- 
tively) for a fixed P° of 3.02. The objective of these tests is to 

determine whether front quadrant noise can be reduced for a given 
supersonic outer stream by tuning the inner stream such that expan- 
sion waves of one stream cancel the compression waves of the other. 

c. Test Points 1013, 1015, and 1017, having subsonic inner streams are 
to be compared with 1007, 1021, and 1011 that have supersonic inner 
streams to determine the benefit, if any, of subsonic inner streams 
on front quadrant shock noise. 


Test Matrices for Unsuppressed Coannular Plug Nozzle frith 180° 
Shield (TAS-11 and -12) 


As described in Table III, the unsuppressed coannular plug nozzle with 
the 180° partial thermal acoustic shield was tested at shield to outer stream 
velocity ratio, V®’ 0 , Q f 0.64* (TAS-11) and 0.83* (TAS-12) to investigate the 

sensitivity of V® s ° on the acoustic benefit of a thermal acoustic shield. 

Tables V and VI summarize the test matrices for TAS-11 and TAS-12, respec- 
tively. The distribution of test points is as follows: 

a. Test Points 1103 through 1112 and 1113 through 1142 of TAS-11 simu- 
late typical engine operating conditions with the shield in sideline 
and community orientations, respectively. 


* 


These ratios refer 


to a typical 


AST/VCE takeoff condition only. 
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Figure 25. Description of Acoustic Tests as a Function of Weight Flow Averaged Velocity: 
Unsuppressed Coannular Plug Nozzles. 





Figure 26. Description of Acoustic Tests as a Function of Outer Stream Pressure Ratio 
Unsuppressed Coannular Plug Nozzles. 




b. V® 1 * of static Test Points 1103/1133, 1105/1135, 1107/1137, 1109/ 
1139, and 1111/1141 match reasonably well with those of 1001, 1003, 
1005, 1007, and 1021 of the unshielded baseline coannular nozzle 
(TAS-10), respectively. Similarly, V 1311 * of corresponding flight 
points of TAS-11 and TAS-10 match one another. 

c. Test Points 1203 through 1212 of TAS-12 simulate typical engine 
operating conditions with the 180° shield in sideline orientation. 

d. Typical takeoff Test Point 1209/1210 of TAS-12 has vi/V° s 0.65 and 
V s /V° £ 0.83. The inner stream of this test point was modified dur- 
ing Test Point 1221/1222 to yield Vi/V° s 0.83 such that the effect 
of equal shear by the shield and inner streams on the primary outer 
stream can be determined. 


Test Matrix for Unsuppressed Coannular Plug Nozzle with 360° Shield 
(TAS-14) 


Configuration TAS-14 employs a full 360° thermal acoustic shield of 0.5 
in. thickness on the baseline coannular plug nozzle (TAS-10). The shield flow 
area of this configuration is equal to that of the 0 . 97-in. -thick, 180° partial 
shield of TAS-11 and TAS-12. This configuration was tested with the choke 
plates identical to those used with TAS-12 so that the shield to outer stream 
velocity and weight flow ratios of TAS-12 and TAS-14 are comparable. A com- 
parison of the acoustic data of these two configurations should indicate the 
benefit of a partial thick shield over a thinner full shield of equal area. 

The test matrix of this configuration is presented in Table VII. The 
distribution of the test points is as follows: 

a. Test Points 1403-1412 simulate typical engine operating conditions 
with a shield to outer stream velocity ratio of 0.83 at takeoff. 

b. Typical takeoff Test Point 1409/1410 has V^/V 0 - 0.65 and V s /V° 

£ 0.83. The inner stream was modified for Test Point 1421/1422 to 
yield Vi/V° z V s /V° * 0.83. 


3.1.2 Test Matrices of Suppressed Coannular Plug Nozzles 

A total of 69 acoustic test points were completed on the mechanically 
suppressed coannular plug nozzle with and without thermal acoustic shields. 

The test configurations consisted of: 

a. The baseline coannular configuration with the 20 chute suppressor in 
the outer stream (TAS-15). 

b. The baseline TAS-15 with the 0.97-inch-thick 180° shield and the choke 
plates selected to give Vs/Vo of 0.64, 0.83, and 0.48 (TAS-16, -17, 
and -18) at a typical takeoff condition. 
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c. The baseline TAS-15 with 0.50-inch-thick 360® shield (TAS-19) with 

the choke plates identical to those of TAS-17 to give Vs/V° of 0.83. 

Figures 27 and 28 describe the scope of acoustic tests on an engine oper- 
ating line in terms of shield to outer stream velocity ratios as a function of 
mass averaged velocity, v mlx and outer stream pressure ratio p r . 


Test Matrix for Baseline Suppressed Coannular Plug Nozzle (TAS-15) 


Table VIII summarizes the test matrix for the baseline suppressed coannu- 
lar plug configuration. The test points simulate typical engine operating con- 
ditions under static and simulated flight. 


Test Matrix for Suppressed Coannular Plug Nozzle With 180° Shield 
(TAS-16, -17, and -18) 


As described in Table III, the suppressed coannular plug nozzle with 180° 
thermal acoustic shield was tested at shield to outer stream velocity ratio, 

v r’°, of 0.64 (TAS-16), 0.83 (TAS-17), and 0.48 (TAS-18) to investigate the 

sensitivity of V® >0 Q n the acoustic benefit of the thermal acoustic shield. 
Tables IX, X, and XI summarize the test matrices for TAS-16, TAS-17, and 
TAS-18, respectively. The distribution of the test points is as follows: 

a. Test Points 1603 through 1612 and 1633 through 1642 of TAS-16 simu- 
late typical engine operating conditions with the shield in sideline 
and community orientation, respectively. Test Points 1651, 1639, 

and 1645 yield variation in P^ (1.71, 2.28, and 3.03) for a fixed 
P° (z 3.04). The objective of these three test points is to deter- 
mine the benefit, if any, of subsonic inner stream on front quadrant 
shock associated noise. 

b. Test Points 1703 through 1712 of TAS-17 simulate typical engine oper- 
ating conditions with shield in community orientation. 'Die typical 
takeoff Test Point 1709/1720 of this configuration has vi/V° £ 0.64 
and V s /V° s 0.83. The inner stream of this test point was modified 
during Test Point 1721/1722 to yield Vi/V° s V s /V° ^ 0.83 such that 
the effect of equal stress by the shield and inner streams on the 
primary outer stream can be determined. 

c. Test Points 1803 through 1812 of TAS-18 simulate typical engine 
operating conditions with shield in community orientation. 


Test Matrix for Suppressed Coannular Plug Nozzle kith 360° Shield 
(TAS-19) 


Configuration TAS-19 employs a full 360° thermal acoustic shield of 0.5- 
inch thickness on the baseline suppressed coannular plug nozzle (TAS-15). The 
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shield flow area of this configuration is equal to that of the 0 . 97-inch-th ick 
180° partial shield of TAS-16 through TAS-18. This configuration was tested 
with the choke plates identical to those used with TAS-17 so that the shield 
to outer stream velocity and weight flow ratios of TAS-17 and TAS-19 are 
comparable . 

The test matrix of this configuration is presented in Table XII. The 
distribution of the test points is as follows: 

a. Test Points 1903 through 1912 simulate typical engine operating 
conditions with shield to outer stream velocity ratio of 0.83 at 
takeoff . 

b. Typical takeoff Test Point 1909/1910 has V^/V 0 - 0.63 and V s /V° 

- 0.83. The inner stream was modified for Test Point 1921/1922 
to yield vi/V© zys/yo z 0 .83. 

3.2 LASER VELOCIMETER TESTS 

Aerodynamic flow conditions that define the LV test points are presented 
in Table XIII. The test points consist of: 

a. One static and one simulated flight point (LV Test Points 1 and 2) 
of Configuration TAS-ll (unsuppressed coannular plug nozzle with 
180° shield of 0.97 inch thickness operating with Vs/Vo £ 0.64) at 
a typical takeoff aerodynamic flow condition. 

b. One static and one simulated flight point (LV Test Points 3 and 4) 
of Configuration TAS-16 (20-chute coannular plug nozzle with 180° 
shield of 0.97 inch thickness, operating with Vs/Vo s 0.64) at a 
typical takeoff aerodynamic flow condition. 

The experimentally obtained acoustic and LV data are presented in detail 
in the Comprehensive Data Report of this study (Reference 27). 
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4.0 ACOUSTIC AND DIAGNOSTIC TEST RESULTS 


The acoustic and diagnostic laser velocimeter test results obtained from 
the model configurations described in Section 2.3 at the aerodynamic condi- 
tions summarized in Section 3.0 are analyzed and presented in this section. 

This section is subdivided into two major subsections that discuss, 
respectively, the influence of the various thermal acoustic shields on the 
acoustic and mean velocity data of baseline unsuppressed high radius-ratio 
coannular plug nozzle (TAS-10) and the baseline suppressed coannular plug 
nozzle with the 20-chute (TAS-15) suppressor in the outer stream. 

Under each of the subsections, the general acoustic characteristics of the 
baseline coannular nozzles are presented first and compared to the data of a 
convergent circular nozzle in order to demonstrate their acoustic benefit. The 
relative effectiveness and influence of the various thermal acoustic shields 
studied under this dual-flow study are presented and discussed next. 

Unless otherwise stated, the acoustic results presented are measured 
data scaled to a typical product size of AT = 0.903 square meters (1,400 
square inches) and extrapolated to a sideline of 731.5 meters (2,400 feet) and 
corrected to a standard day [15° C (59° F) and 80% relative humidity] atmos- 
pheric attenuation (Shields and Bass method, Reference 17). 

4.1 UNSUPPRESSED COANNULAR PLUG NOZZLE DATA 


This section summarizes the acoustic and diagnostic data of the baseline 
unsuppressed coannular plug nozzle (TAS-10) and unsuppressed coannular plug 
nozzle with 0.50 in. thick partial shield (TAS-11 and TAS-12) and with 0.97 in. 
thick full shield (TAS-14) . The scope of the acoustic tests with these four 
configurations was presented earlier in Table III and Figures 25 and 26. 

The diagnostic laser velocimeter measurements were limited to a static plume 
of TAS-11 at a typical takeoff condition (refer to Table XIII for flow 
conditions) . 


4.1.1 Baseline Coannular Plug Nozzle 

The acoustic benefit of coannular nozzles relative to a convergent circu- 
lar nozzle has been established in References 21, 22, 28, and 29 by system- 
atic acoustic and wind tunnel aerodynamic performance measurements on scale 
model nozzles. The measured data identified the mixed stream velocity Vmix, 

outer stream radius ratio R?, inner-to-outer stream velocity ratio v£>°, and 

the inner-to-outer stream area ratio A^’ 0 as the parameters that had signifi- 
cant influence on the measured jet noise data. A typical high-radius-ratio 
coannular plug nozzle with an outer stream radius ratio of 0.853 and an inner- 
to-outer stream area ratio of 0.2 was determined to give an acoustic perceived 
noise level benefit, relative to a convergent circular nozzle, of (a) 6 and 
5.5 dB at peak jet noise angle of 6^ = 130° and (b) 6.5 and 6 dB at a forward 


67 



quadrant angle of 6i = 60° under static and simulated flight (V ac = 400 fps), 
conditions, respectively. These results, obtained from scale model data 
extrapolated to a typical supersonic cruise engine sire of 1400 in 2 at a 
2400 ft sideline distance, are for a typical AST/VCE takeoff cycle condition 

°f y™ 131 ~ 2300 fps. Engine acoustic results obtained with a geometrically 
similar coannular plug nozzle on the YJ101 engine (Reference 1) confirmed the 
static results of the scale model studies. 

The unsuppressed baseline coannular plug nozzle (TAS-10) of this study 
has an outer stream radius ratio of 0.85 and an inner-t o-outer stream area 
ratio of 0.197. This configuration (A Q = 23.4 in^ and A^ = 4.6 in^) was 
tested over a range of flow variables that simulate typical AST/VCE operating 
conditions. The peak angle jet noise data obtained under static and simulated 
flight (V ac = 400 fps) conditions are presented in Figures 29 and 30, respec- 

tively. In these figures, the normalized perceived noise levels at 0^ = 130 

are presented as functions of mixed jet velocity parameter 10 log ( V mlx /a am b ) . 

The measured aft-quadrant data are compared in each of these figures to the 
data of the convergent circular nozzle (References 21 and 22). A similar set 
of f orward - q uadr ant data are presented in Figures 31 and 32. In these figures, 
the preceived noise levels at a typical forward quadrant angle of 0£ = 60° are 
plotted as a function of the effective shock strength parameter, 10 log 6 eff . 
The PNL acoustic benefit with the unsuppressed coannular plug nozzle (TAS-10), 
at typical takeoff condition and relative to a convergent circular nozzles, is 
observed to be 6.5 and 5.5 dB at the peak jet noise angle of 0£ = 130° and 5.0 
and 7.0 dB at a typical forward quadrant angle of 0^ = 60° for the static and 
simulated flight cases, respectively. 

The static and simulated flight baseline coannular plug nozzle jet noise 
spectral data are compared with the corresponding results of a convergent 
circular nozzle in Figures 33 and 34, respectively, for typical takeoff and 
cutback cycle conditions. The data indicate significant coannular nozzle 
benefit over most of the frequency bands in the aft quadrant sound pressure 
levels that are dominated by jet mixing noise. 

During each of the acoustic test points, on-line narrow band data were 
gathered with the unshielded and shielded coannular configurations using a 
Spectral Dynamics (SD-345) analyzer to identify screech, if any, in the 
measured data. While the majority of the acoustic test points were identified 
to be screech-free, distinct screech was identified with Test Point 1009 of 
the baseline coannular configuration (TAS-10). This is illustrated in Figure 
35(a). The aerodynamic flow conditions of this test point correspond to a 
typical takeoff condition on the AST/VCE cycle. Effortswere made to eliminate 
the screech by changing the set inner pressure ratios (P 1 ) for the given outer 
pressure ratio of P^ ~ 3.02. It was observed that the screech was eliminated 
by changing the inner pressure ratio to 2.27 instead of the set condition of 
2.07. The on-line data obtained under the modified conditions (Test Point 


68 


DATA SCALED TO TOTAL NOZZLE AREA OF 0.903 m (1400 in. 
AND EXTRAPOLATED TO 731.3 m (2400 ft.) SIDELINE 



Figure 29. Comparison of Typical Aft-Quadrant Normalized Perceived Noise Level Data of 

Unsuppressed Baseline Coannular Plug Nozzle (TAS-10) with Those of Convergent 
Circular Nozzle (Static). 


DATA SCALED TO TOTAL NOZZLE AREA OF 0.903 m (1400 in 
AND EXTRAPOLATED TO 731.5 m (2400 ft.) SIDELINE 
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Figure 31. Comparison of Typical Forward-Quadrant Perceived Noise Level Data of Unsuppressed 
Coannular Plug Nozzle (TAS-10) with Those of Convergent Circular Nozzle 
(Static). 
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Shock Strength Parameter, 10 log 8 

Figure 32 Comparison of Typical Forward-Quadrant Perceived Noise Level Data of Unsuppressed 
Coannular Plug Nozzle (TAS-10) with Those of Convergent Circular Nozzle (Simulate 

Flight). 
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1/3-Octave-Band Center Frequency, f, Hz 

a) Static b) simulated Flight 

(V ac = 122 mps or 400 fps) 

Figure 33. Comparison of Aft-Quadrant Sound Pressure Levels of 
Unsuppressed Baseline Coannular Plug Nozzle (TAS-10) 
with Those of Convergent Circular Nozzle at a Typical 
Takeoff Condition. 
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Figure 35. On-Line Narrowband Spectra that Demonstrates Elimination of Screech by a Small 
Modification in the Inner Stream Condition. 








1021) are illustrated in Figure 35(b). To illustrate the effect of the 
screech on the scaled and extrapolated acoustic results, the data obtained 
from these two test points, which have identical outer streams and slightly 
different inner streams, are presented in Figures 36 and 37. The spectral 
comparison of Figure 36 indicates that the two sets of data agree with each 
other except at the screech frequency, which itself is observed to be invariant 
with the measurement angle. The effect of the screech on the PNL — and OASPL - 
directivities is illustrated in Figure 37. The increase in PNL and OASPL 
levels with screech is of the order of 2 to 3 dB. In all of the comparisons 
henceforth presented that employ the data of the baseline coannular plug 
nozzle at the typical takeoff condition, the data that correspond to the 
screech free Test Point 1021 have been used. 

From studies conducted on scale model convergent coplanar coaxial nozzles, 
it is concluded in Reference 30 that for a fixed underexpanded outer stream 
pressure ratio there exists an inner stream pressure at which the OAPWL and 
the front quadrant noise of a coannular nozzle is a minimum. To ascertain 
whether such front quadrant noise reduction can be obtained with the baseline 
coannular plug nozzle of this study (TAS-10), static acoustic tests were con- 
ducted with the outer stream held constant at P r 3.02 and the inner 
stream varied over a range of 1.75 K. P r < 3.02. Front quadrant data meas- 
ured at = 60° during these tests are summarized in Figure 38. The data 
presented include the overall sound pressure levels, peak sound pressure levels 
of the shock-cell associated broadband, and the perceived noise levels. The 
data indicate that for the underexpanded fixed outer stream condition, an opti- 
mum underexpanded inner stream condition exists at P r 2.6, at which the front 
quadrant noise data is a minimum. At this optimum condition, the front quad- 
rant PNL is observed to be 2 dB less than that of the typical engine operating 
line data. 


4.1.2 Effect of Shield-t o-Outer-Stream Velocity Ratio with Partial 
Thermal Acoustic Shield 

As described in Section 2.3.1, the unsuppressed coannular plug nozzle 
(TAS-10) was tested with the 0.97 in. thick, 180° thermal acoustic shield 
using two different sets of choke plates. The plates were selected to give, 
over a typical engine operating line, a range of shield-t o-outer stream 
velocity ratios of 0.55 to 0.68 for TAS-11 and 0.74 to 0.86 for TAS-12. At^ 
a typical takeoff condition, the shield-t o-outer stream velocity ratios V r 
for TAS-11 and TAS-12 were 0.64* and 0.83* respectively. The objective of 
this test series, conducted per the test matrices presented in Section 3.1.1, 
was to investigate the influence of shield-t o-outer stream velocity ratio, 

on the acoustic characteristics of the unsuppressed 


*For convenience, these values of V^’ 0 ’, at takeoff will be identified as the 
shield-to-outer stream velocity ratios of these two configurations. 
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coannular plug nozzle. The inner and outer stream conditions were such that 
the inner-to-outer stream velocity ratio, V^’ 0 ’, was maintained approximately 
equal to 0.6 over the test range. The acoustic data obtained with the partial 
shield in the sideline orientation relative to the microphones are presented 
in this subsection. The presented data include the PNL directivities and 
selected front- and aft-quadrant spectral data of TAS-11 and TAS-12 at typical 
takeoff and cutback conditions. The data are compared with the corresponding 
acoustic characteristics of the baseline unsuppressed coannular plug nozzle, 
TAS-10. 

The simulated flight PNL-directivities of TAS-11 and TAS-12 at a typical 
takeoff condition are compared with that of TAS-10 in Figure 39. The data 
indicates a PNL reduction of 0.3 dB at all observer angles up to 6j. = 120° 

with the TAS-11 configuration (V®’ 0 ’ = 0.64). At the peak noise angles of 

6i = 130° and 140°, the PNL reductions with the shielded configurations are 
observed to be minimal. However, the spectral data at these angles, presented 
in Figures 40 and 41, indicate high-frequency noise reduction by both shielded 

configurations with TAS-11 (V^’ 0 ’ = 0.64) yielding the lowest measured high 

frequency sound pressure levels. Since the low and middle frequency spectra 
dominate at these aft angles, the effect of the high frequency reduction with 
the shields on the calculated PNL data is not significant. In addition, the 
low and middle frequency spectral levels are observed to increase with shield 
velocity. At the forward quadrant angles, while no increases in sound pressure 
levels at low and middle frequency ranges are noted, equal reductions are 
observed at middle and high frequencies with the shielded configurations. 

The simulated flight PNL-directivities of TAS-11 and TAS-12 at a typical 
cutback condition are presented in Figure 42 and compared with that of the 
baseline unsuppressed coannular plug nozzle. The data indicate a PNL reduc- 
tion with the shields at all observer angles. At the peak noise angle of 0^ = 
120°, a maximum PNL reduction of 4.0dB is obtained with the TAS-11 configura- 
tion Vy’°’ = 0.58). The corresponding PNL reduction with the TAS-11 at 0£ = 

90° and 60° is observed to be 3.5 dB. In addition, the influence of V r * * 

on the measured PNL data is observed to be minimal at all angles for the cut- 
back case. Spectral characteristics of TAS-11 and TAS-12 corresponding to 
the simulated cutback condition of Figure 42 are presented in Figures 43 and 
44. While only the data at 0^ = 90° and maximum noise angle of = 130 are 
presented in Figure 43, a set of data at three front and three aft quadrant 
angles is presented in Figure 44. The aft-quadrant cutback spectral data 
exhibit high frequency noise reduction similar to that at takeoff condition, 
along with the predomination of low and middle frequency levels with the 
shielded configurations. At the forward quadrant angles, equal reductions are 
observed with the shielded configurations for all values of f ) 500 Hz. 


4.1.3 Influence of Partial Thermal Acoustic Shield Orientation 

The acoustic data of the unsuppressed coannular plug nozzle with the 180° 
shield in sideline orientation, presented in the previous section, are compared 
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Figure 39. Effect of Shield- to-Outer Stream Velocity Ratio on the PNL-Directivity of the 
Unsuppressed Coannular Plug Nozzle with Partial Shield at Takeoff Conditions 
(Simulated Flight) . 



(Refer to Figure 39 for aerodynamic flow conditions.) 

Data scaled to total nozzle area of 0.903 m 2 (1,400 in 2 ) and extrapolated to 
731.5 m (2,400 ft.) sideline. 
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Figure 41. Effect of Shield-to-Outer Stream Velocity Ratio on Selected Front and Aft Quadrant 
Spectra of Unsuppressed Plug Nozzle with Partial Shield at Takeoff Conditions 
(Simulated Flight) . 
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Figure 41. Effect of Shield-to-Outer Stream Velocity Ratio on Selected Front and Aft 
Quadrant Spectra of Unsuppressed Plug Nozzle with Partial Shield at 
Takeoff Conditions (Simulated Flight) (Concluded) . 
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Figure 42. Effect of Shield- to-Outer Stream Velocity Ratio on the PNL-Directivity of 

Unsuppressed Coannular Plug Nozzle with Partial Shield at Cutback Condition 
(Simulated Flight). 
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Figure 43 . Effect of Shield- to-Outer Stream Velocity Ratio on Typical Spectra of Unsuppressed 
b Coannular Plug Nozzle with Partial Shield at Cutback Condition (Simulated Flight). 
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with data obtained with the partial shield in community orientation relative 
to the microphones. This test series was conducted as shown in Table V (TAS- 

11) with the set of choke plates that resulted in a shield-to-outer stream 
s o 

velocity ratio V r 5 * of 0.64 at a takeoff condition. The aft-quadrant static 

perceived noise level data obtained at 6^ = 120 through 150°, over typical 
engine operating cycle conditions, are presented in Figure 45. The results 
indicate that, for given nozzle flow conditions, the aft-quadrant PNL data 
measured with the shield in community orientation are lower than the corre- 
sponding data obtained with the same shield in the sideline orientation. Over 
the range of test conditions, the influence of the partial shield orientation 
from community to sideline configuration on the azimuthal assymetric acoustic 
field is observed to be about 2 dB at the indicated aft-quadrant angles. 

The static PNL-direct ivi t ies of configuration TAS-11 with the shield in 
community and sideline orientations and at takeoff flow conditions are pre- 
sented in Figure 46. The data indicate that at all aft-quadrant angles, the 
perceived noise levels measured with the shield in the community orientation 
are lower than those measured with the shield in the sideline configuration. 

The corresponding aft-quadrant static spectral data are presented in Figure 47. 
The data indicate significantly lower sound pressure levels at high frequencies 
with the shield in community orientation. Since the high frequency noise 
sources are near the nozzle exit, the observed higher sound pressure levels 
asymmetry with the sideline orientation are due to the asymmetry in the flow 
and source distributions. The effect of shield orientation on low frequency 
noise is observed to be minimal as this component is from downstream sources in 
the merged single jet. 


4,1.4 Comparison of Partial and Full Thermal Acoustic Shield Data 

Configuration TAS-14 employs a 360° thermal acoustic shield of 0.5 in. 
thickness around the baseline unsuppressed coannular nozzle (TAS-10). The 
shield flow area of this full shield has been designed to be equal to that 
of the 0.97 in. thick, 180° shield of configuration TAS-11 and TAS-12. This 
yields equal mass flow rates through the two shields for a given set of shield 
flow conditions. Acoustic tests were conducted with the 360° shielded unsup- 
pressed configuration (TAS-14) with choke plates identical to those used with 
TAS-12 (180° shield in sideline orientation) to give a shield-to-outer stream 
velocity ratio of 0.83 at a typical takeoff condition. The acoustic data of 
TAS-14 are compared in this section with those of TAS-12 in order to identify 
the benefit of the thicker and partial thermal acoustic shield. 

The normalized perceived noise level data of TAS-12 (with 180° shield in 
sideline orientation) and TAS-14 (with 360° shield) at selected aft-quadrant 
angles and measured under static and simulated flight conditions are pre- 
sented in Figures 48 and 49. The data are plotted as a function of the mixed 
jet velocity parameter. The data demonstrate, in general, the aft-quadrant 
acoustic benefit of a thicker partial shield over the 360° shielded configu- 
ration for a given set of flow conditions. The acoustic benefit is observed 
to be in the range of 1 to 2 dB over the cycle conditions. 
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Normalized Perceived Noise Level, PNLN, dB 


1 1U 


STATIC 


DATA SCALED TO TOTAL NOZZLE AREA OF 0.903 m (1400 In ) 
AND EXTRAPOLATED TO 731.5 »(2400 ft) SIDELINE 






d) At Directivity Angle 0^= 150° 

Figure 45. Effect of Shield Orientation on the Aft Quadrant Normalized 
Perceived Noise of Unsuppressed Coannular Plug Nozzle with 
180° Shield (TAS-11) . 
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figure 46. Effect of Shield Orientation on the PNL-Directivity of Unsuppressed Coannular 
Plug Nozzle with 180° Shield (TAS-11) at Takeoff Condition (Static). 



Data scaled to total nozzle area of 0.903 (1,400 in* 2 ) and extrapolated to 

731.5 m (2,400 ft) sideline. 
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Normalized Perceived Noise Level, PNLN, dB 


STATIC data SCALED TO TOTAL NOZZLE AREA OF 0.903 m (1400 In ) 
AND EXTRAPOLATED TO 731.5 m(2400 ft) SIDELINE 


360 Shield. of-.Q. 5" 

Thickness (TAS-14) 


a) At Directivity Angle 0 


b) At Directivity Angle 0 



c) At Directivity Angle 0 


180 Shield of 1 



TYPICAL 

CUTBACK 
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TAKEOFF 


=o*r^ 


Mixed Jet Velocity, 10 Log (\T / a ) 

amb 

d) At Directivity Angle 0^= 150° 

Figure 48, Aft Quadrant Normalized Perceived Noise Level Static Data 
of Unsuppressed Coannular Plug Nozzle with 180° and 360° 
Shields (V®>° = 0.83 at Takeoff). 







Normalized Perceived Noise Level, PNLN, dB 


n TMTTT ATFT> "FT TPPT DATA SCALED TO TOTAL NOZZLE AREA OF 0.903 m (1400 in ) 
■ AND EXTRAPOLATED TO 731.5 a (2400 ft) SIDELINE 


360 Shield of 0.5" 
Thickness (TAS-14) 


\ 

V 180° Shield of l' f 
Thickness (TAS-12) 


a) At Directivity Angle ©.= 130° 



b) At Directivity Angle 0 


TYPICAL 

CUTBACK 


TYPICAL 

TAKEOFF 


c) At Directivity Angle 0^* 150 


Mixed Jet Velocity Parameter, 10 Log (^“/a v ) 

amb 


Figure 49. Aft Quadrant Normalized Perceived Noise Level Simulated Flight 
Data of Unsuppressed Coannular Plug Nozzle with 180° and 360° 
Shields (V®>° = 0.83 at Takeoff). 





This section is concluded by presenting typical comparisons between sound 
power level spectra of the baseline unsuppressed coannular plug nozzle (TAS-10) 
and those of the 360° shielded unsuppressed coannular plug nozzle (TAS-14). 

The static data obtained at takeoff and cutback conditions are presented in 
Figure 50. The data indicate significant reduction in the measured sound 
power levels at high frequencies for the shielded configuration. This indi- 
cates that the noise sources of the coannular jet that are close to the nozzle 
exit have been shielded by the full shield flow. However, on the basis of over- 
all power level corrected for equal thrust, there is no power reduction with 
the shielded configuration. No significant changes are observed in the low and 
middle frequency power spectra. The corresponding spectra of a convergent 
circular nozzle (References 21 and 22) are also presented in Figure 50 to 
indicate the benefit of a baseline coannular plug nozzle relative to a conver- 
gent circular nozzle. The observed high frequency turn up in the power spec- 
tra of the convergent circular nozzle is attributed to an anomaly in the 
instrumentation. 


4.1.5 Flow Field Characteristics with Partial Thermal Acoustic Shield 

The mean and turbulent velocity profiles obtained during axial traverses 
in the static plume of the unsuppressed coannular nozzle with the 180° thermal 
acoustic shield (that is, LV Plume 1 of Table XIII) are presented in Figure 51. 
The data compare axial mean and turbulent velocity variations along nozzle cen- 
terline with the corresponding data obtained during axial traverses at radial 
locations of R/R® = 0.5 on the shielded and unshielded sides. The aero- 
dynamic flow conditions correspond to a typical takeoff condition. An examina- 
tion of the static measured axial velocity data indicate that: 

a. Two weak shock-cell structures are formed downstream of the plug 
along the nozzle centerline. 

b. The presence of the partial shield results in an asymmetry in the 
axial variation of the mean velocities between the shielded and 
unshielded side (traverses B and C). Axial traverse data taken at 
R/R® - 0.5 on the shielded and unshielded sides indicate 

higher mean velocity on shielded side up to an X/D ec . ~ 8.0. This 
is due to reduction in shearing of baseline nozzle flow as a result 
of the existence of the shield flow. 

c. The normalized turbulent velocity along the centerline is within 8% 
up to an X/D e q - 10 with the mean velocity remaining approximately 
constant (and reaching its maximum value at X/D e q ' v 10) indicating 
the presence of a potential core. 

d. The presence of the shield also results in an asymmetry in the 
turbulent velocities (traverses B and C) between the shielded and 
unshielded side data. Axial traverse turbulent data taken at R/Rt s 
= 0.5 in the shielded and unshielded side indicate lower turbulent 
velocities for X/D e q < 4 on the shield side due to reduction of 
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Figure 50. Sound Power Level Comparison Between the Unshielded and 360° Shielded Unsuppressed 
Coannular Plug Nozzle at Typical Takeoff and Cutback Conditions. 
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shearing of the baseline nozzle flow because of the presence of the 
shield flow. For X/D eq > 4 the turbulent velocities on the shield 
side are higher, with a maximum of 16.5% of V max at X/D eq ^ 7. 

The asymmetry in the mean and turbulent velocities between the shielded 
and unshielded sides can also be noted from the sets of radial traverse data 
that are presented in Figures 52 and 53, respectively. The radial mean veloc- 
ity data in the pre-merged region (refer to data obtained at traverse J) indi- 
cate the distinct presence of the shield flow. At this location, the peak mean 
velocity on the shield side is lower than that on the unshielded side. The 
corresponding turbulent velocity profile indicates the location of mixing 
regions in between the inner and outer streams, outer and shield streams, and 
shield and ambient environment. For all regions up to an X/D eq ^5.0 the tur- 
bulent velocity on the shielded side (refer to Figure 51) is observed to be 
lower compared to that on the unshielded side, indicating decreased shear of 
the nozzle flow due to the presence of shield. Further downstream and up to 
an X/D eq ~ 10.0, the peak mean velocity of the shielded side is noted to be 
higher than that on the unshielded side due to the slower mean velocity decay 
rate, indicating a stretching of the jet on the shield side. The dips observed 
in the radial mean velocity profiles near the nozzle centerline are due to the 
flow separation at the base region of the plug truncation. 

The laser velocimeter measured static data, presented earlier in Figures 
51 and 52, are compared in Figures 54 through 56 to the corresponding data 
obtained under simulated flight conditions. This is to demonstrate the effect 
of simulated flight (V ac = 400 ft/s) on the axial variation of mean and turbu- 
lent velocities, and on the radial variation of mean velocity. Because of the 
reduction of shear stresses due to the presence of the free-jet, the turbulent 
velocities measured for X/D eq < 10 during simulated flight are lower than the 
corresponding static data. This, in general, results in the observed slower 
decay of the jet plume in simulated flight. The effect of free-jet on the 
flow-field characteristics of unsuppressed coannular plug nozzle with partial 
shield is discussed further in Section 5.2. 

The acoustic data measured with the 180° shielded unsuppressed coannular 
plug configuration at aerodynamic flow conditions that correspond to the above 
static LV data were presented earlier in Section 4.1.3. The measured PNL- 
directivity data are repeated in Figure 57 and compared to the corresponding 
baseline unsuppressed coannular plug nozzle (TAS-10) data to show the noise 
suppression due to the partial shield. In addition, the 180° shield effective- 
ness on the directivity of the various 1/3-octave-band frequencies is pre- 
sented in Figure 58. The aft quadrant data of this figure indicate increased 
suppression with increase in frequency. In addition, similar to the shielded 
annular nozzle data of Figures 6 through 8, the fluid shielding results in a 
significant attenuation of the high frequency noise for 0£ > 130°. For exam- 
ple, for frequencies _> 1000 Hz, the maximum suppression at 0£ = 150° is 
observed to be about 12 dB. The suppression of _< 4 dB noted in the front 
quadrant is attributed to modifications in the velocity gradients by the shield 
flow. 
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NORMALIZED RADIAL DISTANCE FROM NOZZLE CENTERLINE, R / R t 
Figure 52. Radial Variation of the Mean Velocity (Axial Component) in the Plume of 
Unsuppressed Coannular Plug Nozzle with 180° Shield at Takeoff Condition. 
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Figure 53. Radial Variation of the Turbulent Velocity (Axial Component) in the Plume of 
Unsuppressed Coannular Plug Nozzle with 180° Shield at Takeoff Condition. 
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igure 54. Effect of Simulated Flight on the Axial Variation of Mean 

Velocity Along the Centerline, Shielded and Unshielded Side 
of Unsuppressed Coannular Plug Nozzle with 180° Shield (TAS-11) 
at Takeoff Condition. 
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Effect of Simulated Flight on the Axial Variation of Turbulent 
Velocity Along the Centerline, Shielded and Unshielded Side of 
Unsuppressed Coannular Plug Nozzle with 180° Shield (TAS-11) at 
Takeoff Condition. 
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Figure 55. Effect of Simulated Flight on the Axial Variation of Turbulent 
Velocity Along the Centerline, Shielded and Unshielded Side of 
Unsuppressed Coannular Plug Nozzle with 180° Shield (TAS-11) at 
Takeoff Condition (Concluded). 
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Figure 57. Effect of 180° Shield in Community Orientation of the PNL-Directivity of 
Unsuppressed Coannular Plug Nozzle at Takeoff Condition (Static). 



Symb. 



Figure 58. Influence of 180° Shield in Community Orientation on the Directivity of Various 
One-Third-Octave Band Frequencies of Unsuppressed Coannular Plug Nozzle at 
Takeo f f Condition. 




4.2 SUPPRESSED COANNULAR PLUG NOZZLE DATA 


This section summarizes the acoustic and diagnostic data of the baseline 
suppressed coannular plug nozzle (TAS-15) and suppressed coannular plug nozzle 
with partial shield (TAS-16, TAS-17, and TAS-18) and full shield (TAS-19) . 

The scope of acoustic tests with these five configurations was presented 
earlier in Table III and Figures 27 and 28. The diagnostic laser velocity 
measurements were limited to a static and simulated flight plume of TAS-16 
at a typical takeoff condition (refer to Table XIII for flow conditions). 


4.2.1 Baseline Suppressed Configuration 

The baseline unshielded configuration of this study is the suppressed 
coannular plug nozzle with a convergent 20-element suppressor in the outer 
stream and a convergent annular inner stream (TAS-15). This configuration 
has been tested on Model 10-1 during an earlier NASA Lewis supported program 
(Reference 22). To broaden the data base of this baseline suppressed coannular 
configuration, it was tested during this program as shown in the test matrix 
presented in Table VIII. Normalized perceived noise level data measured at 
static and simulated flight (V ac = 400 fps) conditions at an aft quadrant 
angle of e£ = 130° are presented in Figures 59 and 60. The data are plotted as 
a function of mixed jet velocity parameter. The corresponding perceived noise 
level data at a forward quadrant angle of 8£ = 60° are presented in Figures 61 
and 62. The forward quadrant data are plotted as a function of the effective 
shock strength parameter. The repeatability of the data is demonstrated in 
these figures by comparing the data obtained during this program with those 
obtained from the previous test (Reference 22). 

The suppressed baseline coannular plug nozzle data are compared in Fig- 
ures 59 through 62 with the static and simulated flight data of a convergent 
circular nozzle (Reference 21 and 22). The comparison shows that at a mixed 
jet velocity of 2200 fps (typical AST takeoff condition) the suppressed con- 
figuration shows 11.5 dB and 7 dB reduction in the PNL at ft - 130° below that 
of a convergent circular nozzle under static and simulated flight conditions. 
This static-to-f light suppressor loss is observed at all mass-averaged veloci- 
ties greater than 1600 fps. Similar trends in the flight PNL data were 
observed at all aft angles. 

The typical forward quadrant ( 8. = 60°) PNL data presented in Figures 
61 and 62 indicate a noise reduction of 4.2 dB and 5.0 dB at a typical takeoff 
condition under static and simulated flight conditions, respectively. Also, 
for a given g e ^, the PNL data of the suppressed configuration at ft = 60° are 
equal or higher than those of the unsuppressed coannular nozzle (presented 
earlier in Figures 31 and 32). This indicates that the suppressor configu- 
ration is not very effective in reducing the shock-cell noise. 

The static and simulated flight spectral data of the baseline suppressed 
coannular plug nozzle, at a typical takeoff condition, are compared with the 
corresponding results for the convergent circular nozzle in Figures 63 and 64, 
respectively. The front quadrant spectral data of Figures 63(a) and 64(a) 
reveal a shift in the shock-cell associated peak frequency to a higher value 
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Figure 60. Comparison of Typical Aft-Quadrant Normalized Perceived Noise Level Data of 
Suppressed Baseline Coannular Plug Nozzle (TAS-15) with Those of Convergent 
Circular Nozzle (Simulated Flight) . 




Figure 61. Comparison of Typical Forward-Quadrant Perceived Noise Level Data of Suppressed 
Baseline Coannular Plug Nozzle (TAS-15) with Those of Convergent Circular 
Nozzle (Static) . 
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Figure 63. Comparison of Sound Pressure Levels of Suppressed Baseline Coannular Plug Nozzle 
(TAS-15) with Those of Convergent Circular Nozzle at a Typical Takeoff Condition 
(Static) . (Concluded) 
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1/3-Octave-Band Center Frequency, f, Hz 
b) Aft-Quadrant 

Figure 64. Comparison of Sound Pressure Levels of Suppressed Baseline Coannular Plug Nozzle 
(TAS-15) with Those of Convergent Circular Nozzle at a Typical Takeoff Condition 
(Simulated Flight) . (Concluded) 



for the suppressor configuration. As described in Reference 24, detailed 
diagnostic data obtained with the suppressed configuration in the vicinity of 
the plug and at flow conditions close to the flow conditions of Figure 63 indi- 
cated : 

a. the presence of at least 8 shock-cells on the plug and in front of 
each of the suppressor flow elements 

b. the average shock-cell spacing, L aV g, on the plug is 1.03 inches 

c. subsonic flow region and hence no shock-cell structure downstream 
of the plug. 

In order to characterize the frequency associated with the shock-cells on the 
plug, the shock-cell related broadband peak frequencies for the static test 
were calculated using the following equation (Reference 31). 

U c 

P static -^avg ^ + ^c cos ®i^ 

In the above equation U c is the convection velocity of the eddy that is taken 
as equal to 0.65 x jet velocity V, M c = U c /a amb with a amb being the ambient 
sound speed and 0^ the observer angle with respect to upstream axis. The jet 
velocity associated with the shock-cells on the plug was taken to be the outer 
stream velocity V°. The shock broadband peak frequency corresponding to a 
flight Mach number M ac was calculated by applying the Doppler shift to the 
predicted static data as follows: 


(f ) 

P flight 


^P^static 
1 - M ac cos i 


(15) 


The static broadband peak frequencies are then predicted to be 9,460, 10,550, 
and 17,720 Hz at 0£ = 50°, 60°, and 90°, respectively. These frequencies are 
within the 1/3-octave-bands having center frequencies of 10, 10, and 16 kHz, 
respectively. When these are extrapolated to the typical product size of 1400 
in 2 , the associated broadband peak frequencies at 0^ = 50°, 60°, and 90° corre- 
spond respectively to 1/3-octave-bands having center frequencies of 1.25, 1.25, 
and 2.0 kHz for the static case and 1.6, 1.6, and 2.0 kHz for the flight case. 
These predicted peak frequencies are observed to be in agreement with the corre- 
sponding measured values, indicated in Figures 63(a) and 64(a). 

An examination of the suppressed coannular nozzle aft-quadrant spectral 
data of Figures 63(b) and 64(b) indicates a significant amount of reduction in 
the low and middle frequency SPL levels relative to those of the convergent cir- 
cular nozzle. Also, because of the pronounced high frequency content of the 
suppressor configuration, there is no significant benefit at high frequencies 
compared to the convergent circular nozzle. By comparing the laser veloci- 
meter measured axial mean and turbulent velocity profiles, it has been shown 
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in Reference 22 that the supersonic exhaust from the suppressor flow elements 
decay rapidly to a subsonic flow in all regions downstream of the plug. This 
is in contrast to the convergent circular nozzle which maintains a supersonic 
flow up to a distance ten times the diameter of the nozzle. The enhanced mix- 
ing rate achieved by the increased total surface area of the mechanical sup- 
pressor jet leads to the observed rapid decay of the plume, and hence the 
reduction in the sound pressure levels at low and middle frequency ranges. 

The high frequency noises are from sources in the supersonic flow located on 
the plug and near the nozzle exit. 

The perceived noise level directivity and selected spectra obtained under 
static tests for the typical takeoff, cutback, and approach conditions are pre- 
sented in Figure 65. The spectral data indicate the significant high fre- 
quency noise that is associated with the suppressor configuration. The spectra 
of the 32-chute suppressor (TAS-6) of the single flow thermal acoustic shield 
study (Reference 12) were observed also to have a pronounced high frequency 
content . 


4.2.2 Effect of Shield-to-Outer-Stream Velocity Ratio with Partial 
Thermal Acoustic Shield 


As described in Section 3.1.2, the suppressed baseline coannular plug 
nozzle (TAS-15) was tested with the 0.97 in. thick, 180° thermal acoustic 
shield using three different sets of choke plates that were selected to give, 
over a typical engine operating line, a range of shield-to-outer stream veloc- 
ity ratios of 0.56 to 0.69 for TAS-16, 0.75 to 0.86 for TAS-17, and 0.37 to 
0.53 for TAS-18. At a typical takeoff condition, the shield-to-outer steam 
velocity ratios for TAS-16, “17, and -18 were 0.64, 0.83, -and 0.48, respec- 

tively. For convenience, these values of V r ’ at takeoff will be identified 
as the shield-to-outer stream velocity ratios of these three configurations. 
The objective of this test series, conducted as in the matrices presented in 
Tables IX through XI, was to investigate the influence of shield-to-outer 

stream velocity ratio, V r 5 , on the noise characteristics of the suppressed 
coannular plug nozzle operating with a given set of inner and outer stream 
conditions. As indicated in Section 3.1.2, the inner and outer stream condi- 
tions were chosen such that the inner-t o-outer stream velocity ratio V^ 5 ° was 
approximately 0.6 over the entire test range. The acoustic data measured with 
the shield in the community orientation to the microphones are employed in 
this study. 

The normalized perceived noise level data of TAS-16 through 18, at aft 
quadrant angles of = 120° and 130°, are summarized in Figure 66. The 
data are plotted as a function of the mixed jet velocity parameter. The 
shielded suppressor data are compared in this figure with the corresponding 
acoustic data of the suppressed baseline coannular plug nozzle (TAS-15). An 
examination of the data indicates that at the peak angle of - 120°, PNL 
is reduced 5 dB below the suppressed baseline coannular plug nozzle with the 
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a) Perceived Noise Level 

Figure 65. Perceived Noise Level Directivity and Selected Spectra of Suppressed Baseline 
Coannular Plug Nozzle at Typical Takeoff, Cutback, and Approach Conditions. 
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Figure 65. Perceived Noise Level Directivity and Selected Spectra of Suppressed Baseline 
Coannular Plug Nozzle at Typical Takeoff, Cutback, and Approach Conditions. 
(Concluded) 
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DATA SCALED TO TOTAL NOZZLE AREA OF 0.903 m 2 (1400 in. 2 ) 
AND EXTRAPOLATED TO 731.5 m (2400 ft.) SIDELINE 
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Figure 66. Effect of Shield-to-Outer Stream Velocity Ratio on the 
Aft-Quadrant Simulated Flight Perceived Noise Level. 
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TAS-16 (V®’° = 0.64) and TAS-18 (V ®’ 0 “ 0.83), and 3.5 dB below the TAS-17 
(V r , - 0.48) over the engine operating cycle. However, the corresponding 

data at 0 ^ = 130° indicate the significant acoustic benefit obtained with 

V®’° = 0.64 (TAS-16) compared to those obtained with TAS-17 and TAS-18, except 
at mixed velocities greater than 2,100 fps. 

The PNL directivities and selected front- and aft-quadrant spectral data 
obtained with the three partial shielded configurations of this study (TAS-16 
through -18), under both static and simulated flight conditions, are presented 
next in this subsection in order to demonstrate the influence of the various 
thermal acoustic shields. The data, at typical takeoff and cutback conditions, 
are compared with the corresponding data of the suppressed baseline coannular 
nozzle TAS-15. 

Figure 67 compares the simulated flight PNL-directivities of TAS-16, -17, 
and -18 with those of TAS-15 at a typical takeoff condition. The data indi- 
cate, in general, the acoustic benefit of the shields at all observer angles. 

At the peak noise angle of 0 £ = 120°, a maximum PNL reduction of 8.8 dB is 

obtained with TAS-16 (V^*° = 0.64). The corresponding PNL reduction, with 

TAS-16 at 0 £ = 90° and 60°, is observed to be 5.5 dB. In addition, the influ- 
s o 

ence of V r * on the measured PNL data is minimal at all angles up to 120°. 

Beyond this angle, only the shielded configurations with V^> 0 = 0 .48 and 0.64 
yield significant acoustic benefit relative to the suppressed baseline coannu- 
lar plug nozzle. 

Spectral characteristics corresponding to the simulated flight takeoff 
condition of Figure 67 are presented in Figures 68 and 69. While only the 
data at 0 £ = 90° and 120° are presented in Figure 68 , a set of data at three 
front and three aft quadrant angles is presented in Figure 69. An examina- 
tion of the spectral data at 0 ^ = 90° indicates that, for all values of f > 

400 Hz, sound pressure levels are significantly reduced for the shielded con- 
figurations relative to the suppressed baseline coannular nozzle. A maximum 
SPL reduction of 9 dB is noted at f = 1,600 Hz with the TAS-16 configuration 

(V®’° = 0.64). As noted in the earlier single-flow study of this investiga- 
tion (Reference 12), this SPL reduction at 9 ^ = 90° and at the higher fre- 
quencies is attributed to the alteration in source strength and distribution 
near the suppressor exit by the shield flow. The spectral characteristics of 
the shielded and unshielded suppressor coannular configurations at other for- 
ward quadrant angles (refer to Figure 69) are noted to be similar to those at 
0 £ = 90°. 

An examination of the spectral characteristics at the aft-angle of 0 ^ = 
120° (see Figure 68 ) reveals that the shielded configurations suppress the 
noise of the baseline nozzle significantly at the prominent middle frequen- 
cies and at high frequencies. Out of the three partial configurations tested 

during this study, TAS-16 with V^ ,Q = 0.64 is observed to have the lowest 
measured sound pressure levels at all frequencies greater than 315 Hz. A 
maximum SPL reduction of 13 dB is noted at f = 1600 Hz. At the baseline noz- 
zle peak frequency of f « 1,000 Hz, a SPL reduction of 8.5 is indicated. For 
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Suppressed Coannular Plug Nozzle with Partial Shield at Takeoff Condition 
(Simulated Flight) . 
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to Figure 67 for aerodynamic conditions. 
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(Simulated Flight). (Concluded) 


frequencies less than 315 Hz, the sound pressure levels of the shielded con- 
figurations are observed to be higher than those of the unshielded baseline 

s o 

nozzle, and are observed also to increase with V r * . At all angles < 120°, 
this increase in sound pressure levels at low frequencies and with the shielded 
configurations is found to be limited to 2 dB relative to the unshielded base- 
line suppressed nozzle. However, at microphone locations of 9^ > 130°, this 
increase in SPL at low frequencies is significant, and reaches 8 dB at 6^ = 

140°. The increase in low frequency SPL associated with the shielded configu- 
rations more than offsets the decrease in high frequency SPL in the PNL calcu- 
lation. This decreases the PNL benefit due to shielded nozzles at these shal- 
low angles. This observation is clearly noted in the PNL directivity plot of 

TAS-17 nozzle operating with V®*° = 0.83 (see Figure 67). 

Acoustic data measured during static tests with the nozzle flow condi- 
tions at the typical takeoff and corresponding to the simulated flight data of 
Figures 67 through 69, are presented in Figures 70 through 72. An examination 
of the PNL directivity data of Figure 70 with the TAS-16 configuration oper- 

ating with V r * = 0.64 shows that at the peak noise angle of 9^ = 120°, a 
maximum PNL reduction of 4.2 dB is obtained. The corresponding PNL reductions 
with TAS-16 at 9^ = 90° and 60° are observed to be 4.5 dB and 5 dB, respec- 
tively. However, at high shallow angles in the aft quadrant, the perceived 
noise levels of the shielded configurations are equal to or greater than those 
of the baseline suppressed coannular plug nozzle. 

An examination of the static spectral data of Figure 71 indicates that 
at 9^ = 90°, reductions in sound pressure levels due to the source alteration 
near the suppressor exit are measured with the shielded configurations for all 
values of f > 315 Hz. Also, a maximum SPL reduction of 8 dB is noted at the 
baseline nozzle peak noise frequency of f = 1600 Hz. In addition, as with the 

so 

simulated flight data, varying the values of V r * has minimal influence on the 
front quadrant spectra and perceived noise levels of the three shielded nozzles. 

An examination of the static aft-quadrant spectral data shows that the TAS-16 

so 

configuration with V r * = 0.64 has the lowest measured sound pressure 
levels at high frequencies. 

PNL-directivity and selected spectral data of TAS-16 through TAS-18, 
obtained during the static and simulated flight tests at the cutback cycle 
conditions, are presented in Figures 73 through 76. Examination of these 
figures showed general trends in acoustic data similar to those at takeoff. 

Also, the data indicate that at aft-angles of 0£ > 130°, TAS-16 has the lowest 
measured sound pressure levels at high frequencies. 


4.2.3 Influence of Partial Thermal Acoustic Shield Orientation 

The acoustic data of the suppressed coannular plug nozzle with the 180° 
shield in community orientation are compared in this section to data obtained 
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Figure 70. Effect of Shield-to-Outer Stream Velocity Ratio on the PNL-Directivity of the 

Suppressed Coannular Plug Nozzle with Partial Shield at Takeoff Condition (Static) . 
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AND EXTRAPOLATED TO 731.5 m (2400 ft.) SIDELINE 


ORIGINAL PAGE iS 
OF. POOR QUALITY 


CN 



a 



*3 

o 



0) 

2 



CO 

r-l 


O 

CO 



o 

QJ 



CM 

u 



rH 

cl 




cl ih 



It 




•H 

CO o 



<2 

QJ 




QJ ^ 



QJ 

jz cd 



rH 

u H 



00 




c 

Mh h 



<3 

o cd 

O 


So 

cd d 

o 


H 

J-i o 

•-I 


•H 

4J *H 



> 

U 4-J 




qj cd 



H 

CL H 


N 

a 

CO 3 



QJ 

QJ 




rH *H 


*> 

*H 

cd u 


M-l 

O 

a o 


-g 


9 


g 

■ o 
o 


So 
a 
c 
cu 
p 
c r 
a; 

ft, 

O) 

4J 

c 

OJ 

U 

TD 

c 

cd 

PQ 

I 

0) 

> 

cd 

4 -) 

<j 

o 

I 

CO 


1-8 


O 

o 


<2 

QJ 

rH 

00 

So 

u 


a 

qj 

h 


CL So 
So 4J 
H *H 

C 
3 


d 

o 


o o 

♦H U 
4J 

q C 

pi *H 

So T3 
4J i — I 
*H QJ 
O *H 

0 JC 
i — I CO 
QJ 

> rH 
CI3 

6 *H 
co u 
QJ U 

U cd 

4J Pl, 
CO 

JC 
U 4H 
QJ *H 
£ 
P 

O QJ 

1 rH 

0 N 
4J N 

1 O 
T3 


oo cd 
3 hi 
rH CO 
PL 


u 

cd 

rH 

P 

g 

cd 
o 
w o 


u 

QJ 


QJ 

H 

3 

00 

*H 

ft. 


HP ‘idS ‘laAaq ajnsssaj punos 


128 



O 

o 4? 

)<> <r? 


o & 


oT 

<3C 

I O 



if) 

© N 

♦ JX! 

“] >0 *s 

~ 4-1 


0 


0 OoC 


o o<$> 


a JD oa 
V ooa 

cn^ & <-> 


d 4-» DO 

S -H 3 

V-i CJ rH 

T3 O P-t 

03 rH 

3 OJ ^ 

O > * 


— MD 


<Q« 

cO 

)o<b 

}C^ 


Oc« 



‘idS ‘ISAai aanssaad punos 


129 



Suppressed 



0P ‘Ids ‘T3A3T ajnssaaa punos 


N 

PC 


<4-1 


u 

c 

0) 

o 

cr 

OJ 

u 

u* 

u 

0) 


a 

<D 

o 


T3 

C 

CO 

PQ 


CD 

> 

CO 


o 

0 

1 

CO 


tc 

cO 

1-1 4-4 
nD 4-4 
CO O 
O CD 
O' ^ 
CO 

4J E-» 

4-4 

< 4-1 

CO 
TD 

C T3 
CO r— | 
CD 


C 

cO 

nj 

cO 

3 

O' 


c 

X 

o 

CO 

u 


Ph 



co 

T3 

*H 

CD 

4J 

4-> 

Pi 

U 

cO 

CD 

P-* 

iH 


CD 

X 

CO 

4-1 


*H 

C 

S 

o 

CO 

o 

CD 

*H 

t-H 

4J 

N 

CO 

N 

& 

O 






00 

•H 

3 

CJ 


o 

PM 

iH 


CD 

Pi 


> co 


6 

cO 

OJ 

u 


o 
c 

1C 

CO 

o 

C/3 o 

1-4 T3 
CD CD 
CO 


o 


CO 
CD 
J-l 

0 a 
•w a 

1 d 

CO 

iH 

a) cd 

•H 4C 
4C 4-1 
CO 

4-( 
*4-1 O 

o 

CO 

+J U 
U 4-1 
CD U 
4h OJ 

4-4 CL 
W CO 


CnJ 

CD 

U 

D 

00 

*H 

p4 


130 
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Angle to Inlet, Q ± , Degrees 

Figure 73. Effect of Shield-to-Outer Stream Velocity Ratio on the PNL-Directivity of the 
Suppressed Coannular Plug Nozzles with Partial Shield at Cutback Conditions 
(Static) . 
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1/3 Octave Band Center Frequency, f, Hz 
a) FRONT QUADRANT 

Figure 74. Effect of Shield-to-Outer Stream Velocity Ratio on Selected Front and Aft Quadrant 
Spectra of the Suppressed Coannular Plug Nozzles with Partial Shield at Cutback 
Conditions (Static) . 
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Figure 74. Effect of Shield-to-Outer Stream Velocity Ratio on Selected Front and Aft Quadrant 
Spectra of the Suppressed Coannular Plug Nozzles with Partial Shield at Cutback 
Conditions (Static). (Concluded) 
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DATA SCALED TO TOTAL NOZZLE AREA OF 0.903 m (1400 in 
AND EXTRAPOLATED TO 731.5 m(2400 ft) SIDELINE 
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1/ 3-Octave-Band Center Frequency, f, Hz 
b) AFT-QUADRANT 

Figure 76. Effect of Shield-to-Outer Stream Velocity Ratio on Selected Front and Aft Quadrant 
Spectra of the Suppressed Coannular Plug Nozzle with Partial Shield at Cutback 
Cycle Conditions (Simulated Flight) . (Concluded) 


with the partial shield in sideline orientation. This test series was con - 
ducted, as in Table IX (TAS-16), with a set of choke plates yielding a shield- 

to-outer stream velocity ratio, V® ,c> , of 0.64 at takeoff. The aft quadrant 
static data obtained at 0£ = 130 and 140 over typical engine operating cycle 
conditions are summarized in Figure 77. The data indicate that, for given noz- 
zle flow conditions, the aft quadrant PNL with the shield in the sideline ori- 
entation is higher than the corresponding level with the same shield in the com- 
munity orientation. Over the range of test conditions, the influence on the 
azimuthal asymmetric acoustic field of the partial shield orientation from a 
sideline to a community configuration is observed to range from 2.5 dB at typ- 
ical approach conditions to approximately 1.0 dB at a typical takeoff. 

Figure 78 presents PNL-directivities of configuration TAS-16 with the 
shield in community and sideline orientations for a typical takeoff condition. 
The data indicate that, except at large shallow angles, the perceived noise 
levels measured with the shield in sideline orientation are higher than the 
noise levels measured with the shield in community setup. At large shallow 
angles, the data are equal. Aft-quadrant spectral data corresponding to the 
flow conditions of Figure 78 are presented in Figure 79. Since the low fre- 
quency noise is from a downstream region where the flow streams have merged 
into a single jet, the effect of the shield orientation for given flow condi- 
tions is least at low frequencies. Also since the high frequency noise is 
generated near the nozzle exit, the higher observed SPL levels with the shield 
in the sideline orientation are due to the unsymmetrical flow and source dis- 
tributions in this region and the associated unsymmetric shielding effect. 


4*2.4 Comparison of Partial and Full Thermal Acoustic Shield Nozzle Data 

Configuration TAS-19 employs a 360° thermal acoustic shield of 0.5 in. 
thickness around the baseline suppressor coannular nozzle (TAS-15). The 
shield flow area of this full shield has been designed to be equal to that 
of the 0.97 in. thick, 180° shield (Configurations TAS-16 through -18) such 
that the mass flow rates through the two shields are equal for given shield 
flow conditions. Acoustic tests were conducted with the full shielded config- 
uration with choke plates identical to those used with TAS-17 (partial shield 
in community orientation) to yield a shield-to-outer stream velocity ratio 

V of approximately 0.83 at a typical takeoff condition. In this section 
the measured data of TAS 19 are compared to the data of TAS-17 to show the 
benefit of the thicker partial thermal acoustic shield. 

The normalized perceived noise level data of TAS-17 (180° shield) and 
TAS-19 (360° shield) at aft-quadrant angles of 9^ = 130°, 140° and 150° are 
presented in Figures 80 and 81. The data measured under static and simulated 
flight conditions, respectively, are plotted as a function of the mixed jet 
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Figure 78. Effect of Shield Orientation on the PNL-Directivity of Suppressed Coannular Plug 
Nozzle with 180° Shield at Takeoff Condition (TAS-16) . 
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Figure 79. Effect of Shield Orientation on the Aft Quadrant Spectra of Suppressed Coannular 
Plug Nozzle with 180° Shield (TAS-16) at Takeoff Condition. 
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velocity parameter. The data indicate that, for given shield flow conditions, 
the normalized perceived noise level data of the full shield (0.5 in. thick) 
configuration are higher than the corresponding data of the 180° shield (0.97 
in. thick) configuration. This is particularly explicit for the static test 
data. Also, this difference decreases with an increase in the mixed jet 
velocity. 

Aft-quadrant static spectral data at typical takeoff conditions are pre- 
sented in Figure 82. The data show no significant spectral differences 
between the partial and full shield configurations data up to an aft quadrant 
angle of = 120°. At directivity angles greater than 120° , the sound pres- 
sure levels associated with the partial shielded configuration are lower at 
all frequencies than those of full shielded configurations. Relative to the 
unshielded baseline suppressor nozzle, the partial shield configuration yields 
a larger suppression at higher frequencies, while the full shield configura- 
tion yields a significant increase in the low frequency spectra. Correspond- 
ing selected aft quadrant spectra obtained during simulated flight tests are 
presented in Figure 83. Observations similar to those of the static data 
are noted; however, no significant spectral differences between the partial and 
full shield configurations are indicated up to = 130°. 

Selected aft quadrant static and simulated flight spectral data at typical 
cutback conditions are presented in Figures 84 and 85, respectively. Selected 
aft-quadrant static spectra at approach condition are presented in Figure 86. 
Observations similar to those made earlier for the takeoff data can be applied 
to those test conditions also. The low frequency sound pressure levels are 
seen to increase. Therefore, though the shields significantly suppressed the 
high frequency noise at these angles, because of this increase the overall per- 
ceived noise levels were not reduced by the shields. This is indicated by the 
typical takeoff of PNL-directivity data presented in Figure 87. 

This section is concluded by comparing the typical sound power spectra of 
unshielded and 360° shielded suppressed coannular plug nozzles to those of the 
convergent circular nozzle. The static spectra obtained at typical takeoff 
and cutback conditions are presented in Figure 88. This figure shows the 
significant sound power level reduction obtained with the baseline suppressor 
configuration (TAS-15) relative to the convergent circular nozzle at all low 
and middle frequencies. This is a result of the significantly higher mixing 
rate associated with the suppressor configuration. The increased mixing rate 
is achieved through an increase in surface area of the suppressor jet that is 
available for shear with the surrounding ambient air. However, no benefit is 
noted at high frequencies for sources near the nozzle exit. Introducing the 
full shield around the suppressor yields the observed power level reductions 
in the high frequency data due to shielding of the high frequency sources near 
the nozzle exit. However, the presence of the shield flow decreases the decay 
rate of the suppressor jet. This leads to the increase in the low and middle 
frequency power levels. The mean velocity data that describe the effect of 
shield flow on the decay rate of the suppressor jet are presented in the next 
section . 
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1/ 3-Octave-Band Center Frequency, r, Hz 

Figure 82. Aft Quadrant Static Spectral Data of Suppressed Coannular Plug Nozzle with 180 
and 360° Shields at Typical Takeoff Condition. 
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Figure 82. Aft Quadrant Static Spectral Data of Suppressed Coannular Plug Nozzle with 180 
and 360° Shields at Typical Takeoff Condition. (Concluded) 
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Figure 83. Aft Quadrant Simulated Flight Spectral Data of Suppressed Coannular Plug Nozzle 
with 180° and 360° Shields at Typical Takeoff Conditions. 
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Figure 84. Aft Quadrant Static Spectral Data of Suppressed Coannular Plug Nozzle with 180° and 
360° Shields at Typical Cutback Conditions. 
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Figure 85. Aft Quadrant Simulated Flight Spectral Data of Suppressed Coannular Plug Nozzle 
with 180° and 360° Shields and at Typical Cutback Condition. 
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360° Shields at Typical Approach Condition. 



DATA SCALED TO TOTAL NOZZLE AREA OF 0.903 m (1400 In 
AND EXTRAPOLATED TO 731.5 m(2400 ft) SIDELINE 



Figure 87. Simulated Flight PNL Directivity of Suppressed Coannular Plug Nozzle with 180° and 
360° Shields at Takeoff Condition. 
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4.2.5 Flow-Field Characteristics with Partial Thermal Acoustic Shield 


The mean and turbulent velocity profiles obtained during axial traverses 
in the static plume of the suppressed coannular nozzle with the 180° thermal 
acoustic shield (that is, LV plume 3 of Table XIII) are presented in Figure 89. 
The data compare axial mean and turbulent velocity variations along the nozzle 
centerline to the corresponding data obtained during axial traverses at radial 
locations of R/R® = 0.5 on the shielded and unshielded sides. The aerodynamic 
flow conditions are similar to those of the unsuppressed configuration and cor- 
respond to a typical takeoff condition. An examination of the static measured 
axial velocity data indicates that: 

a. No shock structures are formed downstream of the plug. 

b. The presence of the partial shield results in an asymmetry between 
the shielded and unshielded side axial variations of the mean veloci- 
ties (traverses B and C) due to the significantly different mixing 
characteristics. Axial traverse data taken at R/R t = 0.5 on the 
shielded and unshielded side indicate higher mean velocities on the 
shield side up to an X/D eq _ 10. The asymmetry decreases for 

X/D eq >10 

c. The normalized turbulent velocity along the centerline is within 6% 
up to an X/D eq ^ 10 with the mean velocity remaining approximately 
constant, indicating the existence of a potential core. 

d. The presence of the shield also results in an asymmetry in the tur- 
bulent velocities (traverses B and C) between the shielded and 
unshielded side data. Axial traverse turbulent data taken at R/R t 
= 0.5 on shield and unshield side indicate higher turbulent veloci- 
ties (with a maximum of 12% of V™i x ) on shield side for X/D gq > 4. 

The lower turbulent velocities for X/D eq < 4 on the shield side are 
the result of reduction in shearing of the baseline nozzle flow 
because of the presence of the shield flow near the nozzle exit. 

The asymmetry in the mean velocities between the shielded and unshielded 
side can also be noted from the set of radial traverse data presented in Figure 
90. The radial mean velocity profiles in the premerged region (refer to data 
obtained at traverses J and K) indicate the presence of the shield flow. At 
these locations, the peak mean velocity on the shielded side is lower than that 
on the unshielded side. Over a significant region downstream of the plug (up 
to an X/D gq „ 10.0), the peak mean velocity on the shield side is higher than 
that on the unshielded side. This is due to the reduced mixing with ambient 
air on the shield side and hence lower decay rate for the mean velocity. As 
with the unsuppressed configurations (refer to Figure 52), the dips observed in 
the radial mean velocity profiles near the nozzle centerline are due to the 
flow separation in the region of the plug truncation. 

The laser velocimeter measured static data, presented earlier in Figures 
89 and 90, are compared in Figures 91 through 93 to the corresponding data 
obtained under simulated flight conditions (V ac = 400 fps) . Because of the 
reduction in shear stresses due to the presence of the free jet, the turbulent 
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LV PLUME 3: TEST POINT 1639 



NORMALIZED AXIAL DISTANCE FROM SHIELD EXIT, X/D 
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a) Mean Velocity 
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b) Turbulent Velocity 

Figure 89 . Axial Variation of Mean and Turbulent Velocities in the 

Plume of Suppressed Coannular Plug Nozzle with 180° Shield 
at Takeoff Condition (Static). 
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Figure 90. Radial Variation of the Mean Velocity (Axial Component) in the Plume of Suppressed 
Coannular Plug Nozzle with 180° Shield at Takeoff Condition (Static) . 
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Velocity Along Centerline and Shielded and Unshielded Sides 
of Suppressed Coannular Plug Nozzle with 180° Shield (TAS-16) 
at Takeoff Condition. 
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velocities measured during simulated flight are lower than the corresponding 
static data. This results in a slower decay of the jet plume and hence the 
observed higher mean velocity under simulated flight for any given location. 

The acoustic data measured with the suppressed coannular plug nozzle with 
the 180° shield in community orientation were presented and discussed in detail 
under Section 4.2.2. Selected acoustic data from this section that correspond 
to the static and simulated flight LV test conditions are repeated in Figures 
94 and 95 and compared with the corresponding data of the baseline suppressed 
coannular plug nozzle (TAS-15). The PNL-directivity data of 94 indicate a PNL 
reduction of 8.8 dB and 4.2 dB, respectively, at the peak noise angle of 6^ = 
120° under the simulated flight and static conditions. The corresponding spec- 
tral data at 6^ = 120° presented in Figure 95 indicate that for all values of 
f > 250 Hz, significant reductions in sound pressure levels are observed with 
the shielded configuration relative to the baseline suppressed coannular plug 
nozzle. Also, the 180° shield effectiveness on the directivity of the various 
1/3-octave-band center frequencies is presented in Figure 96. Data indicate, 
similarly to the shielded annular suppressor nozzle data of Figures 6 through 8, 
the rapid increase in noise suppression in the aft quadrant due to the shield- 
ing effect at high frequencies only. The reduction noted, particularly in the 
front quadrant, is due to the source alterations because of changes in the flow 
field characteristics by the shield flow. In addition, the stretching of the 
jet on the shield side due to the slower decay of the jet plume increases the 
low frequency noise. 


4.2.6 Effect of Shield Flow on Suppressor Base Drag 

The presence of the shield stream around the chutes of the mechanical 
suppressor is expected to reduce the base region ventilation, thereby increas- 
ing the suppressor base drag and reducing the nozzle thrust coefficient. To 
assess the influence of the shield stream on the suppressor base pressure from 
which the suppressor performance parameters can be estimated, eight static 
pressure taps (as pictured in Figure 21) were installed at several wall loca- 
tions. Base pressure data were measured simultaneously at each of the acoustic 
test points of the baseline suppressed coannular plug nozzle (TAS-15) and from 
the suppressed coannular plug nozzles with the partial shields (TAS-16 through 
-18). These measurements were used to estimate a representative base pressure 
within the projected area of a shielded and unshielded chute, from which the 
change in the outer nozzle thrust coefficient resulting from the partial shield 
was calculated. The calculated base drag data of the 180° shielded suppressor 

configurations over a range of suppressor pressure ratios P r and at different 

shield-to-outer stream velocity ratios (V®*° at typical takeoff are 0.48, 0.64, 
and 0.83) are compared in this section to those of the baseline suppressor noz- 
zle to show the dependence of suppressor base drag on shield-to-outer-stream 
velocity ratio. 
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Plug Nozzle at LV Test Conditions. 
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Figure 94. Effect of 180° Shield in Community Orientation on the PNL Directivity of Suppressed 
Coannul ar Plug Nozzle at LV Test Conditions. (Concluded) 
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Figure 96. Influence of 180° Shield in Community Orientation on the Directivity of Various 

One- Third-Octave Band Frequencies of Unsuppressed Coannular Plug Nozzle at Takeoff 
Condition. 



The locations of the eight static pressure taps in a chute region of the 
20-shallow-chute suppressor nozzle are presented in Figure 97. The projected 
base area of each of the chutes was divided suitably into eight elements (of 
areas A k defined as in Figure 97), each of which was associated with a static 
pressure probe. The static pressure data measured by each tap for a given noz- 
zle condition were assumed constant over the tap's associated area. An area- 
weighted chute average base pressure (P g ) was calculated from the meas- 
ured eight static pressures (P s ) k for each of the test conditions using the 
following equation: 




(16) 


chute 

The base drag, associated with each of the chutes was calculated then 

as follows: 


„chute _ 
F D 


( p , 

amb 


V £ \ 


(17) 


The total base drag F^ of the 20-shallow chute suppressor nozzle (TAS-15) is 
given by 


<VTAS-15 - 20 (18) 

For the 180° partial shielded configurations TAS-16, TAS-17, and TAS-18, 
the base pressure measurements were made on the shield side. On the unshield 
side, the base pressures are assumed to be the same as for the baseline sup- 
pressor nozzle (TAS-15) operating at identical suppressor stream conditions. 
The total base drag for the shielded configurations was calculated as follows: 


(F n } 

d TAS-16 

TAS-17 

TAS-18 


10 (F„) Chu “ . 10 (F ) chute 
d TAS-16 d TAS-15 

TAS-17 
TAS-18 


(19) 


The thrust 
as equal to 


loss coefficient ACfg due to the base drag was computed finally 


f D 

AC, = x 100 

fg F° 


( 20 ) 


where F° = W°V°/g is the ideal thrust of the suppressor nozzle. 
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Figure 97. Chute Static Pressure Probe Instrumentation and 
Associated Base Area Distribution. 



Data that describe the dependence of the ratio of the measured average 
base pressure to the ambient pressure (P s /P am b) upon the suppressor pressure 
ratio are presented in Figure 98. An examination of this figure indicates 
that : 

a. The base pressure of an unshielded chute is not affected signifi- 
cantly by variation in suppressor stream pressure under both static 
and simulated flight conditions. 

b. The base pressure of a 0.97-inch-thick shielded chute is influenced 
strongly by the presence of the shield flow with the ventilation 

decreasing rapidly in the range 2.0 < p° < 3.0. 

r 

c. For a given suppressor pressure ratio, the base ventilation decreases 
with an increase in the shield velocity. 

d. The effect of the simulating free-jet on the baseline suppressor base 
pressure is similar to that of a shield flow in decreasing the base 
ventilation. 

e. Because of the presence of the shield flow between the free jet and 
the chute, the free jet has no effect on the measured base pressure 
of the shielded chute. 

The static and simulated flight measured thrust loss coefficients (AC fg ) 
as functions of suppressor stream pressure ratio P° are shown in Figure 99. The 
baseline unshielded nozzle static data indicate a gradual decrease in AC f (in 
the neighborhood of 1%) with the increase in suppressor pressure ratio. Since 
the base pressure for the unshielded chute was found not to be affected signifi- 
cantly by p£, this decrease is due to the increase in suppressor thrust with 
increase in P r (see Figure 98). Also, because of the earlier noted 
decrease in ventilation resulting from the free jet, the base drag of the base” 
line suppressor increases in flight. At a typical takeoff condition, ACf g of 
the baseline suppressor is 2.2%. 

For the shielded configurations, the static thrust loss data of Figure 
99 indicate a greater thrust loss due to the earlier observed decreased 
ventilation with shield flow. For the partially shielded configurations, the 
increase in ACfg noted with flight is contributed by the unshielded half of the 
suppressor, as the base pressure on the shielded half is unaffected by the free 
jet. 


To show the dependence of the 180° shielded suppressor thrust loss coeffi- 
cient due to base drag on shield-to-outer stream velocity ratio, the data of 
Figure 99 are replotted in Figure 100. This figure indicates that ACf g 
increases significantly with increases in shield velocity. At a simulated 
flight typical takeoff condition, ACf g increases from 2.2% for the unshielded 
suppressor to about 4%, 5.3%, and 7.2§ for the 180° shielded configuration at 

Vs’° = 0.48, 0.64, and 0.83, respectively. 
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5.0 AEROACOUSTIC PREDICTIONS FOR UNSUPPRESSED COANNULAR PLUG NOZZLE WITH 
THERMAL ACOUSTIC SHIELDS ’ 


5 . 1 BACKGROUND 


In addition to the measured acoustic and diagnostic data that were pre- 
sented earlier in Section 4.0, the acoustic and flow field distributions for 
the unsuppressed coannular plug nozzle, with full and partial thermal acoustic 
shields, have been predicted during this study. The modified Mani*Gliebe*- 
Balsa (M*G*B) model (Reference 32) was used. 

The M*G*B model is a unified aerodynamic and acoustic prediction method 
for assessing the noise characteristics of arbitrarily-shaped nozzles. The 
technique uses an extension of Reichardt's method to predict the jet plume 
velocity, temperature, and turbulence intensity distribution. The turbulent 
fluctuations produced in the mixing regions of the jet are assumed to be the 
primary source of noise generation, as in the classical theories of jet noise. 
The alteration of the generated noise by the jet plume itself as it propagates 
through the jet to the far-field observer (sound/flow interaction or fluid 
shielding) is modeled using the high-frequency shielding theory based on 
Li 1 ley 1 s equat ion . 

These basic modeling elements (flow field prediction, turbulent mixing 
noise generation, and sound/flow interaction) have been linked together in a 
discrete volume-element formulation. The jet plume is divided into elemental 
volumes, each roughly the size of a representative turbulence correlation 
volume appropriate to that particular location in the plume. Each volume ele- 
ment is assigned its own characteristic frequency, spectrum, and acoustic 
intensity. The sound/flow interaction effects for each element are evaluated 
from the flow environment of the element. The individual volume elements are 
assumed to be uncorrelated to each other, so that the total contribution to 
the far-field is the sum of the individual volume element contributions. 

As noted earlier, the M*G*B model predicts the flow field and turbulent 
mixing noise generation for arbitrary nozzle shapes and azimuthally averages 
the flow field and noise source characteristics to predict the far-field noise 
distribution. During the single-flow study of this program (Reference 12), the 
measured acoustic and flow field data of an annular plug nozzle with a partial 
shield indicated, as expected, azimuthally asymmetric characteristics. Hence, 
the acoustic modeling of Reference 32 was modified appropriately in Reference 
12 to reflect the asymmetric acoustics and flow field of the partial thermal 
acoustic shielded configurations. The predictions were compared in Reference 
12 to the measured acoustic data. The chosen predicted and measured data com- 
parisons indicated good spectral agreement in the front quadrant and similar 
trends in the aft quadrant. During this investigation, the modified M*G*B 
model in Reference 12 was used to predict the acoustic and flow field charac- 
teristics of an unsuppressed coannular plug nozzle with partial and full 
thermal acoustic shields. Selected data-theory comparisons of the acoustic 
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and flow field (mean and turbulent velocity distributions) characteristics are 
presented in this section. Since the laser velocimeter data were obtained for 
the unsuppressed coannular plug nozzle with partial shield (see Sections 3.2 
and 4.1.5), the flow-field data-theory comparisons are limited to the case of 
the partially shielded configurations. 

5.2 DATA-THEORY COMPARISONS OF FLOW-FIELD AND SUPPRESSION CHARACTERISTICS 

Figure 101 specifies the nodal geometry for the baseline unsuppressed 
coannular plug nozzle (TAS-10) , unsuppressed coannular plug nozzle with 180° 
shield of 0.97-inch thickness (TAS-11), and unsuppressed coannular plug nozzle 
with 360° shield of 0.47-inch thickness (TAS-14) that were used in performing 
the predictions. One node is enough to prescribe an axisymmetric flow, whereas 
a large number of nodes are needed to prescribe the asymmetric flow of the 
180° shield configuration (TAS-11) . The prescription of nodes for the 180° 
shield jet is such that a closed surface is represented by the distribution of 
the nodes. 

The following comparisons of data and theory are presented and discussed 
in this subsection: 

a. Change in sound pressure level (ASPL) at three angles to the inlet 
axis due to the partial and full shields on the unsuppressed coannu- 
lar plug nozzle at tyical takeoff cycle conditions. 

b. Change in sound pressure level (ASPL) at a typical aft-quadrant 
observer angle (where the influence of the thermal acoustic shield 
is maximum), for typical approach and cutback cycle conditions. 

c. Axial distribution of mean and turbulent velocities on the shield 
and unshielded side of the unsuppressed coannular plug nozzle with 
180° shield for typical takeoff cycle conditions. 

Figure 102 compares the measured and predicted ASPL spectra between the 
unshielded and partially shielded (that is, ASPL - (SPL)pAS-lO " (SPL)j^s-ll) 
unsuppressed coannular plug nozzle for a typical takeoff cycle for the static 
condition and at 0^ = 130°, 90°, and 60*. The observer is located right under 
the partial shield, at the community location (see Figure 101b). A positive 
value for ASPL represents noise suppression by the shield and a negative value 
for ASPL represents amplification of the noise by the shield. All the compar- 
isons in this section are performed using the scale model data measured at a 
radial distance of 40 feet (12.3 m) . The frequencies in this study ranged from 
400 Hz to 80 kHz. 

Both the measured and predicted ASPL at 0^ = 130° (see Figure 102a) indi- 
cate that suppression by shield increases as frequency increases. The pre- 
dicted ASPL's are higher than the measured ASPL 1 s , indicating that the theo- 
retical model is overestimating the shielding offered by the partial shield. 
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Outer Jet 



a. Unsuppressed Coannular Plug 
Nozzle (TAS-10) 



b. Unsuppressed Coannular Plug 
Nozzle with Partial (180°) 
Thermal Acoustic Shield (TAS-11) 



c. Unsuppressed Coannular Plug 
Nozzle with Full (360°) Thermal 
Acoustic Shield (TAS-14) 


Figure 101. Nodal Geometry for Configurations TAS-10, TAS-11, and TAS-14 
for M*G*B Predictions. 
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Figure 102. Comparison of the Measured and Predicted ASPL Between the 
Unshielded (TAS-10) and Shielded (TAS-11) Configurations 
for the Unsuppressed Coannular Plug Nozzle (Static) . 
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Figure 102. Comparison of the Measured and Predicted ASPL Between the 
Unshielded (TAS-10) and Shielded (TAS-11) Configurations 
for the Unsuppressed Coannular Plug Nozzle (Static) . (Continued) 
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Figure 102. Comparison of the Measured and Predicted ASPL Between the 
Unshielded (TAS-10) and Shielded (TAS-11) Configurations 
for the Unsuppressed Coannular Plug Nozzle (Static) . (Concluded) 
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A similar observation was made in Reference 12 with the data of annular flow 
nozzles with partial thermal acoustic shield. This is probably because local 
jet velocity and static temperature along the line of sight of the observer 
(which vary azimuthally for the partial shield case) are used in calculating 
the fluid shielding effect. This approach neglects the scattering of the 
sound by the turbulent eddies along the line of sight. If one were to use a 
ray tube of a certain finite thickness with the dominant direction along the 
line of sight instead of using a line of sight approach in the calculation of 
the fluid shielding, the scattering effect would be included in some fashion. 
However, this is beyond the scope of the present study. 

The agreement between measured and predicted ASPL at 0£ = 90° is quite 
reasonable at low and high frequencies (see Figure 102b). At 0^ = 90°, eddy 
convective amplification and fluid shrouding effects are very small. The dis- 
crepancy between the scale model data and predictions in the frequency range 
of 4 kHz to 10 kHz is attributed to the overprediction of shock cell noise. 

For a better agreement between the measured and predicted ASPL in this region, 
the shock cell noise computation scheme in the M*G*B model, which currently 
employs one downstream shock-cell structure, will have to be changed to 
account for the two-shock-cell structures (on the plug and downstream of the 
plug) that were identified with coannular plug nozzles (Reference 24). 

Figure 102c shows the measured and predicted ASPL variables at front 
quadrant angle of 0^ = 60°. As observed with data at 0£ = 90®, the agreement 
between the measured and predicted ASPL is acceptable at all frequencies except 
in the region that is dominated by the shock cell noise. 

The low frequency data at all three of the observer angles show amplifica- 
tion by the partial shield. However, low frequency amplification by the shield 
is predicted only at 0^ = 60° and 90°. In order to determine a reason for 
this amplification, the measured and predicted axial variations of the mean and 
turbulent velocities on the shield side and the opposite shield side of TAS-11 
are compared in Figures 103 and 104. The velocity measurements made on the 
opposite shield side of TAS-11 can be assumed to be representative of the 
velocity measurements for the baseline unsuppressed coannular plug nozzle with- 
out any shield (TAS-10), since the edge effects due to the partial shield are 
not felt at the oppos ite-to-community location (see Reference 12 for a predic- 
tion of the azimuthal variation in the velocity field of an annular plug nozzle 
with partial shield). Both the data and predictions of the mean velocity 
(Figure 103) indicate higher levels of mean velocity on the shield side than 
on the unshield side. Also, both the data and predictions show a sudden dip 
in the mean velocity near the location of the plug tip. In addition, the data 
indicate that the azimuthal asymmetry becomes negligible for X/D ec j > 8. How- 
ever, the predictions indicate a slower decay of the asymmetry, resulting in 
a higher mean velocity on the shield side due to the reduction in shear stress 
and, hence, a reduction in the velocity gradient by the shield. The low fre- 
quency noise of a jet is created by the large scale eddies situated far down- 
stream of the nozzle exit plane. Since the downstream mean velocity on the 
shield side is higher than that on the opposite shield side (which resembles 
the case of nozzle without shield), the low frequency noise of the shielded 
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Figure 103. Comparison of the Predicted and Measured Axial Variation of the 

Mean Velocity on Shield and Opposite Shield Side for Unsuppressed 
Coannular Plug Nozzle with Partial Shield. 
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configuration is expected to be higher than that of the configuration without 
the shield. Figure 104 shows the axial variation of the measured and pre- 
dicted turbulent velocities on the shield side and opposite shield side for 
the unsuppressed coannular plug nozzle with partial shield (TAS-11). For 
X/D e q < 4, both the predictions and the data indicate that the turbulent 
velocities on the shield side are lower than those on the opposite shield side. 
The measured and predicted values of the turbulent velocities for X/D e q = 2 
to 3 disagree because there is a separated flow downstream of the truncated 
plug that is not accounted for in the model of the prediction scheme. However, 
in general, both the predic tions and data indicate that the turbulent veloci- 
ties on the shield side are higher and lower compared to those on the opposite 
shield side for X/D^q > 4 and X/D e g < 4, respectively. The lower values of 
the turbulent velocities on the shield side near the nozzle exit plane are 
essentially due to the reduced shearing stresses on the shield side. For 
large values of X/D e q, the shield side flow is found to be more turbulent. 

The above presented aerodynamic picture of the flow field of the unsup- 
pressed coannular plug nozzle with partial shield (TAS-11) offers an explana- 
tion for the observed amplification of low frequency noise by the shield. 

The data at all three observer angles (0^ = 60°, 90°, and 130°) indicated low 
frequency noise amplification by the shield. The earlier predictions indicated 
such amplification only at 0^ = 60° and 90°, see Figure 102. Low frequency 
noise amplification at 0£ « 130° in the predicted data was absent because it 
was overcome by the excess fluid shielding in the model. 

Acoustic data-theory comparisons under simulated flight conditions cor- 
responding to the static takeoff results of Figure 102 are presented in Figure 
105. As before, comparisons of the measured and predicted ASPL spectra are pro- 
vided at 0^ = 130°, 90°, and 60° for the simulated flight case. As noted with 
the static data at 6^ = 130° (Figure 102), the predicted and measured noise 
suppression due to the shield generally increases with frequency. At this 
location, both the data and predictions indicate amplification of the low fre- 
quency noise by the shield. The agreement between the measured and predicted 
ASPL at 0^ = 90° and 60°, see Figures 105b and 105c respectively, is quite 
reasonable at low and high frequencies. Disagreements are due to the inade- 
quate modeling of the shock cell noise. 

The comparison of the predicted and measured axial variation of the mean 
and turbulent velocities on the shield and opposite shield sides of the unsup- 
pressed coannular plug nozzle with partial shield, for the simulated flight 
case and at a tyical takeoff cycle is shown in Figures 106 and 107, respec- 
tively. As in the static case (see Figure 103), the mean velocities on the 
shield side are measured and predicted to be higher than the corresponding 
mean velocities on the opposite shield side. This is due to a reduction in 
the velocity gradient in the radial direction on the shield side compared to 
the side opposite the shield. The turbulent velocity on the shield side is 
predicted to be lower than that on the opposite shield side for X/D e q < 5 and 
higher than that on the opposite shield side for X/D e q > 5. The measured 
turbulent velocities on the shield side are lower and higher than those on 
opposite shield side for X/D e q < 7 and X/D e q > 7, respectively. These trends 
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Figure 104. Comparison of the Predicted and Measured Axial Variation of 

the Turbulent Velocity on Shield and Opposite Shield Side for 
Unsuppressed Coannular Plug Nozzle with Partial Shield. 


178 







(Sound Pressure Level of TAS-10) - (Sound Pressure Level of TAS-11) 


ORIGINAL PAGc «S 

OE POOR QUALITY 



1000 10000 100000 
FREQUENCY, Hz 


• Model Scale 

• 40' Arc 

• Takeoff Cycle 

• V =400 fps 

ac v 

• Test Point for TAS-10: 1022 

• Test Point for TAS-11: 1140 (Community) 

a) At Angle to Inlet Axis 0^ = 130° 

Figure 105. Comparison of the Measured and Predicted ASPL Between the 
Unshielded (TAS-10) and Shielded (TAS-11) Configurations 
for the Unsuppressed Coannular Plug Nozzle (Simulated 
Flight) . 
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Figure 105. Comparison of the Measured and Predicted ASPL Between the 
Unshielded (TAS-10) and Shielded (TAS-11) Configurations 
for the Unsuppressed Coannular Plug Nozzle (Simulated 
Flight) . (Continued) 
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Figure 105. Comparison of the Measured and Predicted ASPL Between the 
Unshielded (TAS-10) and Shielded (TAS-11) Configurations 
for the Unsuppressed Coannular Plug Nozzle (Simulated 
Flight) . (Concluded) 
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Figure 106. Comparison of the Predicted and Measured Axial Variation of 
the Mean Velocity on Shield and Opposite Shield Side for 
Unsuppressed Coannular Plug Nozzle with Partial Shield. 
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Figure 107. Comparison of the Predicted and Measured Axial Variation of 

the Turbulent Velocity on Shield and Opposite Shield Side for 
Unsuppressed Coannular Plug Nozzle with Partial Shield. 
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are similar to those displayed for the static case (see Figures 103 and 104). 
Thus, the aerodynamic effect of the shield on the plume development for the 
simulated flight case is also an elongation of the plume by the shield due to 
reduced velocity gradient. Hence, the aerodynamic effect noted above is also 
a reason for the amplification of the low frequency noise by the shield under 
simulated flight conditions. 

The effect of the simulated flight on the mean and turbulent velocities 
relative to the static is analyzed by comparing the data presented in Figures 
106 and 107 to those presented in 103 and 104. Both the predictions and the 
data of the flow field for the simulated flight case indicate that the mean 
velocities on the shield side tend to be higher for the simulated flight case 
than those of the static case. The measured increase in the mean velocity 
on the shield side due to the simulated flight is more than the predicted 
increase. A higher level of mean velocity due to the simulated flight is 
anticipated because the moving free-jet air around the nozzle flow reduces the 
shearing velocity gradient, unlike the static case in which the ambient air is 
stationary. The predictions on the shield and opposite shield sides and the 
data on the shield side confirm this rationale. However, the data on the oppo- 
site shield side indicate that the mean velocity decreases because of the free 
jet. A plausible explanation for this different behavior is found by referring 
to the radial profiles of the mean velocity presented in Figure 56. The radial 
traverse data indicate that the velocity profiles are steep in the neighborhood 
of R/rS = 0.5 for 2 < X/D e g < 5. Hence, a slight inaccuracy in positioning 
the laser beams for the axial traverse on the opposite shield side during 
either the static or simulated flight test could cause the observed inconsis- 
tency . 

The turbulence velocity measurements and predictions for the simulated 
flight case are shown in Figure 107. The free jet that simulates the flight 
streamlines the jet flow and lowers the levels of turbulent velocity for the 
simulated flight case, as compared to the static case. Comparing Figures 107 
and 104 indicates that: 

a. The measured peak turbulent velocities on the shield side for the 
simulated flight and static cases are -14.5% and -16.8% of 
respectively, and 

b. The turbulent velocities for the flight case on the shield side 
tend to be lower than the corresponding static case at all axial 
locations . 

The corresponding predictions indicate that predicted peak turbulent velocity 
on the shield side for the simulated flight and static cases are, respectively, 
14.7% and 15.4% of V Tnlx and the turbulent velocities on the shield and oppo- 
site shield side at all axial locations tend to be lower for the simulated 
flight case than for the static case. The measured turbulent velocity on the 
opposite shield side does not show any noticeable effect of the simulated 
flight . 

The next set of data-theory comparisons presented in this section deals 
with the ASPL by the full (360°) shield on the unsuppressed coannular plug 


184 


nozzle (TAS-14) at a typical takeoff cycle for the static condition. The typi- 
cal aft-quadrant data presented in Figure 108 indicate an acceptable agreement 
between the measured and predicted ASPL by the shield. The measured data also 
show a negligible high frequency noise reduction by the shield at the takeoff 
cycle condition, whereas the predictions showed a modest high frequency noise 
reduction (4 dB at 80 kHz 1/3 octave band). Both the data and the predictions 
indicate low frequency noise amplification by the shield. As in the case of 
the partial shield on the coannular plug nozzle, the agreement between the 
measured and predicted ASPL at 6^ * 90° and 60° is good at low and high fre- 
quencies (see Figures 108b and 108c). 

Since the acoustic benefit of the shield is mainly in the aft quadrant 
for the unsuppressed coannular plug nozzle, this section is concluded with 
data-theory comparisons in the aft quadrant only for typical approach and cut- 
back conditions. 

Figures 109 and 110 show comparisons of static ASPL by the full shield 
on the unsuppressed coannular plug nozzle at 0^ = 130° for approach and cut- 
back conditions, respectively. The figures show that the predicted trends 
agree with the data. It should be noted that suppression levels predicted 
and measured at the approach and cutback cycle conditions are higher than those 
indicated earlier at the takeoff cycle. In addition, both the predictions and 
data indicate that the peak level of suppression due to the full shield at 
approach and cutback cycles is about the same. However, the high frequency 
noise reduction potential of the shield is less at high outer and inner jet 
velocities. A similar observation was made in Reference 12 in the context of 
the single flow primary nozzles with the thermal acoustic shield. Thus, the 
M*G*B prediction model has been shown to predict correct trends of spectral 
suppression characteristics of the shield on an unsuppressed coannular plug 
nozzle at various cycle conditions. 

The principal conclusions of this study are: 

• The overall trends in the flow field characteristics of an unsup- 
pressed coannular plug nozzle with partial shield that were pre- 
dicted by the modified M*G*B model are in reasonable agreement with 
the corresponding trends in the LV measured data. 

• Both the predicted and measured flow field characteristics confirm 
that the principal reason for the observed amplification of the low 
frequency noise is the elongation of the jet plume by the shield. 

• The predicted suppression of high frequency noise by the shield in 
the aft quadrant is higher than the measurements; but both the data 
and predictions show similar trends in the suppression spectra. 

• Both the predictions and measurements of the noise suppression by 
the shield in the aft quadrant indicate that the shield yields 
appreciable noise reductions at low and middle engine power settings 
(approach and cutback, respectively) and that its potential to 
reduce noise at the high power setting (takeoff) decreases. 
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Figure 108. Comparison of the Measured and Predicted ASPL Between the 
Unshielded (TAS-10) and Shielded (TAS-14) Configurations 
for the Unsuppressed Coannular Plug Nozzle for a Typical 
Takeoff Cycle. 
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Figure 108. Comparison of the Measured and Predicted ASPL Between the 
Unshielded (TAS-10) and Shielded (TAS-14) Configurations 
for the Unsuppressed Coannular Plug Nozzle for a Typical 
Takeoff Cycle. (Continued) 
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Figure 108. Comparison of the Measured and Predicted ASPL Between the 
Unshielded (TAS-10) and Shielded (TAS-14) Configurations 
for the Unsuppressed Coannular Plug Nozzle for a Typical 
Takeoff Cycle. (Concluded) 
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Figure 109. Comparison of the Measured and Predicted ASPL Between the 
Unshielded (TAS-10) and Shielded (TAS-14) Configurations 
for the Unsuppressed Coannular Plug Nozzle for a Typical 
Approach Cycle. 
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Figure 110. Comparison of the Measured and Predicted ASPL Between the 
Unshielded (TAS-10) and Shielded (TAS-14) Configurations 
for the Unsuppressed Coannular Plug Nozzle for a Typical 
Cutback Cycle. 


190 



l 




6.0 CONCLUSIONS 


During this investigation, nine scale-model nozzles were tested in the 
Anechoic Free-Jet Facility to evaluate the effectiveness of thermal acoustic 
shields on coannular configurations under both static and simulated flight 
conditions. These tests were conducted at nozzle temperatures and pressure 
ratios typical of operating conditions of a variable cycle engine and appli- 
cable for an advanced supersonic transport. The tested nozzles included 
baseline (unshielded), 180° shielded and 360° shielded dual-flow coannular 
plug configurations. The baseline configurations include a high radius ratio 
unsuppressed coannular plug nozzle and a coannular plug nozzle with a 20— chute 
outer stream suppressor. The required shielding jets were bled from the 
heated stream that supplied the flow to the outer nozzle and passed through 
sets of choke plates to get selected shield-to-outer str eam velocity ratios 
(V®’°). 

A total of 136 acoustic test points, with inverted velocity profiles on 
the coannular configurations, were conducted. In order to investigate the 

SO 

effect of V r * on the acoustics of partial shielded configurations, tests were 
conducted at three selected values of V®’° (equal to 0.48, 0.64 and 0.83 at a 

typical takeoff). During each of the acoustic test points with the baseline 
and 180 shielded suppressed coannular plug nozzles, static pressure data in 
the chute base region were obtained to assess the influence of the shield 
stream on the suppressor base drag. Also, aerodynamic measurements with a 
laser velocimeter were made for four selected plumes. 

The significant results from the analyses of measured data are as follows: 

• The presence of the partial shield resulted in different mixing 

characteristics on the shield side relative to the unshield side, 
which in turn produced significant asymmetry in the measured mean 
and turbulent velocities. While the distinct presence of the shield 
was identified in the region of the plug only, the asymmetry in the 
velocity data were noted to extend up to a length of X/D eq ^ 10 from 
the shield exit. ^ 

• At an axial location downstream of the plug but less than X/D eq ^ 10, 
the peak mean velocity on the partial shield side was higher than 
that on the unshield side, due to the reduced mixing with ambient 
air on the shield side. The slower mean velocity decay rate then 
stretched the jet on the shield side. This effect was pronounced 
with shielded suppressed configurations. 

• The 180° shield in community orientation around the suppressed coan- 
nular configuration indicated the acoustic benefit at all observer 
angles during simulated takeoff. While the effect of shield-to-outer 
stream velocity ratio was very small in the front quadrant and up to 

= 120°, significant acoustic benefit beyond = 120° was obtained 
with shield-to-outer stream velocity ratio of 0.64. For example, at 



reduction of 3.8 dB in the front quadrant and of 7.1 dB at the peak 
noise angle of ^ = 120° was obtained with the shield at V r ’ = 

0.64. While the reduction in the aft quadrant by the shielding 
effect was noted only at very high frequencies, significant noise 
suppressions at middle and high frequencies were achieved at all 
angles because of the change in flow field characteristics and 
source alterations by the shield flow. As a result of the stretch- 
ing of the jet on the shield side, an increase in the low frequency 
jet noise was noted with the shielded suppressor configurations 
relative to the baseline suppressor nozzle. 

• With the 180° shield in sideline orientation around the unsuppressed 
coannular nozzle, the effect of the different shield-to-outer stream 
velocity ratios was observed to be small. 

• The presence of the partial thermal acoustic shield around unsup- 
pressed and suppressed coannular plug nozzles caused an asymmetric 
acoustic field. Relative to the sideline orientation, the community 
arrangement of the shield for a given set of flow conditions resulted 
in a 1.5 to 2 dB reduction in the aft quadrant PNL data. 

• For identical shield flow rates, a thick partial shield in commun- 
ity orientation with the suppressor configuration yielded, for 0^ 

- 130°, lower sound pressure levels at all frequencies than did a 
thin full shield. 

• The introduction of a full shield around the suppressed coannular 
nozzle reduced power level at high frequencies due to shielding of 
the acoustic sources near the nozzle exit. However, because of the 
reduced mixing rate, power levels increased at low and middle fre- 
quencies . 

• A full shield around the unsuppressed coannular plug nozzle yielded 
the expected power level reductions at high frequencies. However, 
there was no significant reduction in the overall power level, as 
no changes were noted in the dominant low and middle frequency 
power spectra. 

• The base drag of the baseline suppressed configuration was not 
affected significantly by variation in suppressor stream pressure. 
However, due to a reduction in chute base ventilation, the base 
drag increased in the presence of free-jet and increased shield 
flow velocity. 

Predictions of the acoustic suppressions and the general flow field char- 
acteristics were made using the modified M*G*B model for the full and partial 
shielded unsuppressed coannular plug nozzle. While the high frequency noise 
suppression predicted in the aft quadrant was greater than measured, the 
trends in these two suppression spectra were similar. Also, the trends in the 
predicted flow field characteristics agreed with the measured data. 
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7.0 NOMENCLATURE 


A 

a arab 

AST 

D 

f 

F 

*D 

^ref 

h 

k i 

L 

i 

LBM 

LV 

LVM 

M 

M c 

N 

NF 

OAPWL 

P 

PNL 

PNLN 


Area 

Ambient speed of sound 

Advanced Supersonic Transport 

Diameter 

Frequency 

Thrust 

Base drag 

Reference thrust, 22,820 N (5,130 lb) 

Flowpath annulus height 

Number of velocity samples in a class interval 
Shock-cell spacing 

Shield to outer nozzle exit axial distance 

Mixed shock strength parameter, defined as 10 log /M^-l 

Laser Velocimeter 

Mixed jet velocity parameter, defined as 10 log (V™ix/a amb ) 
Mach number 

Convection Mach Number, U c /a ara ^ 

Total number of data samples for a histogram 
Normalization Factor, defined in Section 3.1 
Overall Sound Power Level, dB re 10“^ Watts 
Pressure 

Perceived Noise Level, dB 

Normalized Perceived Noise Level, dB , defined in Section 
3.1 
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Pr 

PWL 

R 

RH 

R h 

R t 

R r 

SPL 

T 

t 

TAS 

u c 

V' 

V 

V 

VCE 

W 

X 

Greek Symbols 
B 

V 
A 

6 h 


I 


Pressure ratio * p T/ p amb 
Sound Power Level, dB re 10~12 vtetts 
Radial distance 
Relative Humidity, % 

Hub radius 

Tip radius 

Radius ratio, Rh/R t 

Sound Pressure Level, dB 

Temperature 

Time 

Thermal Acoustic Shield 
Convection velocity of eddy 
Turbulent velocity 
Velocity 
Mean velocity 
Variable Cycle Engine 
Weight flow rate 
Axial distance 


Shock strength parameter, defined as /M^-l 
Ratio of specific heats 
Sound Pressure Level difference, dB 
Hub flowpath angle at throat, degrees 
Tip flowpath angle at throat, degrees 
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e th 

Q chute 
0 f low 

0 i 

P 

(0 


Exit plane discharge angle, degrees 

Angle subtended by each chute, degrees 

Angle subtended by each flow element, degrees 

Angle of observer relative to inlet axis, degrees 

Density 

Density exponent 


Superscripts 

chute 

eff 

i 

mix 

o 

s 

T 


Parameter pertaining to a chute 
Effective condition for dual stream nozzles 
Inner stream 

Mass averaged mixed stream 
Outer stream 
Shield stream 
Total 


Subscripts 

ac 

amb 

avg 

eq 

flight 

i 

i,k 

P 

r 

s 

static 

T 


Aircraft 

Ambient 

Average 

Equivalent circular convergent (conic) nozzle 

In-flight value 

Inlet 

Index 

Peak 

Ratio 

Static ( thermodynamic ) 

Static (without simulated flight) 

Total (stagnation) 
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